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Sunmary of objectives, conclusions, and inplications with respect to
OCS oil and gas devel oprent

The objectives of this programwere to neasure and anal yze surface wi nds,
tenperature and atnospheric pressures along the Alaskan arctic coast for the
pur pose of deriving the wind field responsible for nearshore (water depths
to 20 neters) surface water novenent.

Results of this study have shown that the surface wind field in spring
and summer is strongly correlated at nmeasuring stations separated by distances
Up to 100 km  This strong mesoscale correlation inplies that a m ninmm of
surface wi nd measurenment points could provide a reasonable data set for coastal
current trajectory studies.

Two mesoscale phenomena investigated were sea breeze forcing and nountain
barrier baroelinicity. The breeze forcing is an inportant factor in the summer
nmonths while the nmountain barrier effect appears to be nost significant in the
Wi nter nonths.

The effect of coastal wi nds on the sunmmer nearshore circulation has rele-
vance to transport of detritus, biota, spilled oil, and small ice floes. The
sea breeze promoted barrier island |agoon flushing, and upwelling by maintaining
persistent NE to E surface w nds. .

Use of data fromthree atnospheric pressure and position relaying buoys
within the arctic ice pack, and two land pressure stations has shown a strong
correl ati on between conputed geostrophic Wi nds and ice edge novenent during
the first week in August 1979. This period was chosen because reasonable ice
edge data was avail abl e.

[I. Introduction
A CGeneral _ Nature of the Study

This study was designed to neasure surface winds and surface atnosphere
pressures in the Sinpson Lagoon-Prudhoe Bay area. These surface wi nds were
to be conpared with predicted winds from National \Wather Service (NWS) pres-
sure charts. Causes of gross departures from NWs chart predictions were to
be investigated and those attributed to mesoscale phenonena were to be exani ned
and possibly nodel ed.

Measurenents made during the 1977, 1978, and 1979 field seasons served as
input for studies by Mathews (RU 526), Mungall (RU 531) and Naidu (RU 529).

B. Specific Cbjectives
This study has specific objectives of:

1. Measurenent of surface winds and atnospheric pressures in the
Si npson Lagoon- Prudhoe Bay area during seasons of interest.

2. Devel opnent of a sea breeze nodel tested with data fromthe 1976
and 1977 field seasons, to determine the degree and extent of breeze influ-
ence seaward from the coastline (see Appendices A and B).

3. Docunent ati on of hydrometeorological extremes such as storm
surges (see Kozo, 1979).



4 Determ nation of the degree of influence orographic baro-
clinicity exerts on coastal surface winds (see Appendix C).

5. Rel ate the summer ice edge position to the large scale w nd
field.

C. Rel evance to Probl ems of Petrol eum Devel oprment

Wnds are the principle driving force for summer surface currents ian the
nearshore waters of the Alaskan arctic coast. Therefore any attenpt to predict
current trajectories nust include a prediction of the surface wind field. The
summer main ice pack edge (offshore several 100 kn) serves as a source for
small ice floes (roughly 30,000 kg) which are driven into the nearshore region
by surface wind and resultant currents. The floes will exhibit novement in
t he nearshore region influenced by the combined effect of the large scale gradi-
ent wind and the sea breeze. Uncovered sea bed pipelines in trenches running
fromthe of fshore islands to the coast will be susceptible to ice damage when
floes nmove into shallow water with a northerly velocity conponent. GOl slicks
that may result fromthe above accident or other types of accidents will also’
be strongly influenced by the wind reginme. C ean-up and contai nnment operations
will be made nore difficult since |ocal coastal winds will be hard to predict
and sea breeze influence will dimnish with distance fromthe coast leading to
surface current divergence or convergence effects as a function of large scale
wi nds.

In winter a rel evant mesascale phenomenon which affects the surface w nd
direction and speed and therefore the wind stress on the nearshore ice is nmoun-
tain barrier baroclinicity (see Appendix C). This effect diminishes with dis-
tance fromthe Brooks Range (Kozo, 1979). Recent data show that a 180% surface
wi nd reversal occurs between Pt. Barrow and Barter I|sland while National Wather
Servi ce (NWS) synoptic charts cannot account for it. The lateral extent of the
reversal reaches from Prudhoe Bay to Barter |sland.

III. Current State of Know edge

The Al askan arctic coast in contact with the Beaufort Sea has five year-
round weat her reporting sites but only two are official NWS stations (Class A).
These are Pt. Barrow and Barter Island, approximately 540 km apart. Located
between Pt. Barrow and Barter Island are two Distant Early Warning (DEW) sta-
tions, Lonely and Oliktok and one airport at Deadhorse routinely reporting
suppl ementary” data to the NWS but this information is mainly for post analysis
and is not incorporated into twice-daily NWS pressure charts. The traditional
met hod of approximating the surface wind fromsurface pressure field derived
geostrophic wWinds is of limited use since the only surface input data comes
from the above two Class A stations. No inland pressure data exists near the
Beaufort Coast wuntil south of the Brooks Range and none has been routinely
collected in the Beaufort Sea. Kozo (1977) illustrated the increased detail in
the pressure field when data from of fshore buoys and additional |and pressure
measuring sites were added to the Nws data set.

Estimation of the surface winds fromthe synoptic pressure field is further
conplicated by the existence of an internittent sea breeze circulation (Kozo,
1977; Moritz, 1977) during the sumrer nonths and nountain barrier effects



(Schwerdtfeger, 1974) during the winter nonths. The summer sea breeze
circulation is generated by a time. varying but always positive |and-sea '
temperature gradient (land tenperature greater than the water tenperature,

Mritz, 1977). This results in a tendency to set up an al ong-shore conponent

of the surface wind at the coast (a wind from90"T % 200). previous work

(Kozo, 1977) from analysis of historical data suggests that the sea breeze

occurs approximately 25% of the tine in the summer nmonths. The extent of

of fshore influence is less than 60 km (Hufford, 1979).

Mountain barrier baroclinicity, as explained by Schwerdtfeger (1974),
results froma piling up of cold air against the Brooks Range when the atmos-
pheric boundary layer is statically stable. The resultant mesoscale pressure
gradient is favorable to westerly winds. The increased frequency of winter
west winds recorded at Barter Island (near the Brooks Range) over that recorded
sinul taneously at Lonely or Pt. Barrow (both several 100 km from the Brooks
Range) and Barter Island rawinsonde data are circunstantial evidence of this
ef fect (see Appendix C).

Recent devel opnents are:

1. The Pol ar Science Center has established (February 1979) the
Arctic Basin Buoy network (TIROS satellite) of surface pressure stations
whi ch marked the begi nning of continuous pressure data from the Beaufort
Sea at two locations 300 km north of the Alaskan arctic coast. This
data is being analyzed to deternine the extent and duration of mesoscale
i nfl uences on the synoptic wind field. ‘

2. Two buoys purchased by OCS were inplanted July 13, 1979 (N MBUS
satellite). One is permanently fixed at Franklin Bluffs and the one placed
in the ice pack near shore lasted fromJuly 13 to August 17, 1979. As a
result, a permanent surface pressure triangle exists when Pt. Barrow and
Barter Island data are used yielding a geostrophic wind with a solution
center over Sinpson Lagoon.

IV. Study Area

The study area for the past four years was contained within the |atitudes
69"N - 74°N and |ongi tudes 143°W - 157°W. In this way, buoy (1976 and 1979 only)
installations within the ice pack, NW5 stations at Barrow and Barter Island,
DEW sites at 0liktok and Lonely (1976 and 1979 only), and canps at Umiat and
Happy Valley (1976 only) could be used as surface pressure data sources to
nodel the gradient wind fields.

Figure 1 shows the relative positions of the pressure stations (P) within
the | and-based grid for August 1979. The Ws indicate the locations of portable
weat her stations (MRI's).

Data collection periods for 1976 were spring (April 27 to June 1) and
sumer (August 11 to Septenber 6); for 1977 were spring (April 25 to June 1)
and sumrer (July 20 to Septenber 1); for 1978 were sumer only (July 20 to
Septenber 1); and for 1979 were (July 15 to August 29). ‘



v, Sources, Methods and Rationale of Data Collection

The previous years of 1976, 1977, and 1978 are discussed in Carsey
(1977), Leavitt (1978) and Kozo (1979) respectively.

Data was collected in 1979 in the summer only, from July 15 through
Septenber 1. Meteorology Research, Inc. (MRI) nechanical weather stations
recorded wind speed, wind direction, and tenperature at Cross Island, Cottle
I'sland, and Narwhal Island. A mesoscale surface pressure triangle was main-
tai ned using Weat her Measure and Belfort microbarographs at Lonely, Narwhal,
Franklin Bluffs and Oliktok. These microbarographs were services weekly and
calibrated with two Negretti and Zambra precision digital barometers. In
addition, a drifting pressure and position buoy was placed 100 km north of
Barter Island in the sea ice, and one in a fixed position at Franklin Bluffs.

Weekly transportation to the surface pressure stations was provided by
Cessna 206’ s belonging to Jim Helmrich and transportation to the MRI stations
was provided by ERA (Deadhorse helicopters.

VI, Resul ts
A 1979 - Pressure Data and MRI Data

The MRI weat her stations recorded average direction, wind run (converted
to speed), and tenperature on a strip chart. One hour averages of these vari-
ables were selected for three-hourly intervals at 00, 03, 06, 09, 12, 15, 18
and 21 hours GMI.  Pressure was also reported at three-hourly intervals (from
conti nuous microbarograph output). The pressures were calibrated using Negretti
and Zambra precision barometers as transfer standards and then were reduced
to sea level pressure using the hypsometric equation, station altitude and nean
air tenperature. The data has been subnmitted to the 0CS data bank in card
form and on nmagnetic tape. Tinme series plots of wind. and tenperature, along
with histograns are presented below in Section VII. Pressure data fromthe
CANRAMS buoys relies on NASA output and is reported randomy averagi ng one
pressure and position per day.

B. 1979 - Pilot Balloon Data and NW5 Dat a

The following data in this subsection are presented and discussed in
Section VII:

1. Pilot balloon launch data trom Arco causeway for 8 August 1979
showi ng sea breeze influence on the large scal e wind.

2. Scattergrams and histogranms of February and March 1979 surface
wi nd data from Barter Island and Pt. Barrow

3 Hi st ograns of surface wind data fromBarter |sland and Pt.
Barrow for August 1979.

4, Data from 4 raw nsonde | aunches in March 1979 show ng changes
inwind direction of 180° fromthe surface to 250 neters.



5. NWS charts for selected days in March 1979 with surface w nd
arrows from Prudhoe Bay and surface pressure data fromthe Arctic Basin
Buoy net added.

C. Sea Breeze
(See Appendix A and B)
D. I ce edge position in response to the large scale wind field.

Buoy data (offshore pressure and position) fromtwo units of the pre-
viously mentioned Arctic Basin Buoy Array plus one offshore OCS buoy have been
coupled to land station data from Pt. Barrow and Barter Island. This data was
used to conpute the 3-hourly geostrophic wind for a solution center near 72"N
and 151°W. The buoy novenent and ice edge novenent in response to this |arge
scale wind are shown for July 31 to August 7, 1979 in Section VII.

VI1. Discussion
A 1979 - MRI Data

Wnd speeds (Figure 2) , wind directions (Figure 3), and tenperature
(Figure 4) are shown for Cross Island (July 15 - August 17, 1979), Cottle
Island (August 8 - August 29, 1979) and Narwhal Island (August 8 - August 29,
1979). The horizontal notches are three days apart. There is an expected
cl ose agreenment in wind speed and direction between stations since their total
separation is less than 70 km and both Cross Island and Narwhal |sland are only
20 km seaward (within the zone of sea breeze influence). The tenmperature data
fromthese stations also show close correlation. The data presented in the
previous 1977, 1978, and 1979 annual reports show simlar results.

H stograms of surface wi nd speed, direction, and tenperature for Cottle
Island (Figure 5), Narwhal Island (Figure 6), and Cross Island (Figure 7) show
simlar results to data seen in the previous reports wth the usval persistence
of east winds. The wind speed is 6 mis or less 60%of the time and is from
the NE-E 50% of the time. These data conpare favorably with the historical
August data col |l ected at Oliktok (west end of Sinpson Lagoon) and recorded in
the OCS Cimatic Atlas (Brewer et al., 1977). The tenperature histograms
show a typical value between O and 4°C at 10 neters el evation.

B. Pil ot Ball oon Launch Data

Pil ot balloon launch data from Arco Causeway (August 1979) (Figure 8),
shows approximately 160° of turning fromthe upper (above 800 m geostrophic
wind level to the surface and is another exanple of the mesoscale effect of
the sumrer thernal contrast between the water and |and along the arctic coast-
line (see Appendix B for Cottle Island profiles).

C. Mountain Barrier Baroclinicity

Scattergrams show ng simultaneous wind directions for Barter Island and
Pt. Barrow in the nonths of February 1979 (Figure 9) and March 1979 (Figure 10)
have a curious extra cluster of points. The clusters in the lower left and



and upper right are evidence of usual synoptic wind field effects covering
the entire north coast of Al aska. The third cluster (enclosed in the rec-
tangle) is evidence of nountain barrier baroclinicity as postul ated by
Schwerdtfeger (1974). Conparing histograns for February 1979 (Figure 11)
and March 1979 (Figure 12) shows an increase in the percent of westerlies at
Barter Island (which is close to the Brooks Range) over that of Pt. Barrow
which is 300 km from the Brooks Range. This phenonenon which is also a func-
tion of atnospheric stability virtually disappears in the summer nonths as
seen in histograms of the August 1979 data (Figure 13). The data from four
raw nsonde |aunches (Figures 14-15) in March 1979 at Barter Island are anple
evi dence that the geostrophic wind direction (free stream flow) cannot be
used to approximte the surface wind direction since 180° wind shifts have
occurred.

The sections of NW5 synoptic charts (Figures’ 16-17) have surface w nd
arrows from Prudhoe Bay and surface pressure data fromthe Arctic Basin Buoy
Net added. The large scale wind field as depicted by the isobars does not
explain the surface wind directions and buoy 1914 shows that the isobars
(fromthe NW5 anal ysis) are msplaced while the surface wi nd at Prudhoe Bay
i ndi cates 100 km i nfluence (Schwerdtfeger, 1979). See Appendix C for nore
expl anati on.

D. Sunmmer |ce Edge Position

A uni que data set has been obtained through the inplenentation of the
University of Washington, Polar Science Center’'s Arctic Basin Buoy (ABB}
array (sponsored by the National Science Foundation) by md-February 1979.
These buoys (within the polar ice pack) transmt pressure and position data
to the TIROS-N satellite and use the ARGOS data collection and |ocation sys-
tem TUse of data fromtwo of these offshore buoys with concomitant onshore
station data has allowed the cal culation of 3-hourly geostrophic w nds through
a two-dimensional |east squares fit nunerical fit technique (see Appendix A)
for the north coast of Alaska. This data was coupled (July 31 to August 7)
to simultaneous position data fromthe two ABB buoys (//1913 and #1914} pl us
position data from one 0CS buoy (0063) inplanted 100 kmnorth of Barter Island
on July 13, 1979. The buoy novenent corresponded closely to the cal cul ated
geostrophic winds and the ice edge noverment taken from the Navy- NOAA Joi nt
Ice Center analyses of 29-31 July 1979 and 5-7 August 1979 showed an average
40 km coastward novenent of the ice boundary (5 oktas concentration for this
anal ysis) as seen in Figure 18,

It should be noted that Rogers (1978) concluded that the lack of a rela-
tionship between geostrophic wind direction and the distance to the ice nmargin
(Sater et al., 1974) was that either the geostrophiec wind was not a useful
parameter or geostrophic wind data are unreliable in the arctic. In addition
Rogers (1978) indicates that surface wind directions are significantly corre-
lated to ice edge novenent. Figure 18 coupled with Figure 19 show that the
geostrophic wind is certainly a useful parameter since the buoy notion and ice
edge novenent agree quite well with the geostrophic direction during the study
peri od. In fairness to Rogers, however, the geostrophic wind data before
February 1979 was certainly unreliable in the arctic. Figure 19 also shows
that due to the constant thernmal contrast between the coast and the arctic
ocean water (see Appendix A and B), surface winds (Cross Island data) at
coastal stations are not good indicators of ice edge position.



It must be also noted that in contrast to winter ice studies where
Agerton and Kreider (1979) concluded that a threshold wind velocity of 13 m's '
was necessary to induce ice novenent in the nearshore areas, a wind velocity

of 6 m's can cause consi derable novenent in the |oosely consolidated sunmer

ice with considerable onshore or offshore notion. Figures 20 and 21 show

that the NWS analysis would do little to predict ice edge shoreward nove-

ment since a very weak large scale wind field is depicted for the August 2

to 5, 1979 period.

VIII. Concl usi ons

There is a strong correlation between surface winds (10 m measured at
remote station separations of 200 km or |ess along the Al askan arctic coast
from Lonely to Barter Island (obtained fromdata presented in this study and
Leavitt, 1978). Presently avail able geostrophic wind cal culations from NWS
charts are of limted use in estinating the surface wind since simultaneous
boundary | ayer stratification data usually doesn't exist. The charts are of
no use during dom nance by mesoscale influences such as the sea breeze in
the sunmer domnates after snow |l eaves the arctic tundra and nountain bar-
rier baroclinicity in the winter (see Appendix C). The NWS charts thenselves
(in absence of mesoscale effects) are marginally useful due to |ack of data
reporting stations north and south of the Beaufort Sea coast resulting in
poor resolution and coastal biasing of geostrophic calculations. Therefore
for nearshore use (less than 30 kmfromthe coast), a few (6) wind velocity
sensors between Barrow and Barter ZIsland could provide the wind data for
predicting coastal current velocities and trajectories. ‘

Beyond 30 km at sea, geostrophic wind will be a better estimator of
surface winds since the sea breeze influence will be mnimal and orographic
effects will be diminished. For this part of the shelf, pressure sensor
equi pped data buoys can be depl oyed on the main ice pack (200 km from shore)
and inland 100 kmto maintain a pressure grid with the correct geonetry. A
conbi nati on of coastal wi nd neasurenents and pressure neasurements in a higher
resolution grid could provide a proper data base for studies of oil spill
trajectories, wupwelling, lagoon flushing, and ice edge notion.

The nmajor inplications of sea breeze forcing along the coast are:

1. Mai nt enance of al ong-shore and offshore surface currents in the
near shore zone whi ch pronote | agoon flushing during |ow synoptic conditions.

2. Weakeni ng of adverse synoptic wind conditions (those that pre-
vent |agoon flushing) and may eventually offset or neutralize them during
the afternoon hours

3. I ncreasing the persistence of upwelling conditions.

4, Production of wind driven current shears beyond 30 km of fshore
where synoptic conditions are not influenced by thermal contrasts.

Theoretical evidence for the last effect (surface wind direction) has '
been denobnstrated in nodel output and data from Hufford (1979) has shown that
surface winds at 60 kmfromthe coast are not influenced by the sea breeze.

The sea breeze nmodel (running at the University of Washington) can be used



to predict surface wind vector rotation fromthe coast to 50 km at sea under
varying synoptic conditions and | and-sea thermal contrasts. It has repro-
duced the pilot balloon neasurenents for both 270° and 220° synoptic wi nds.
The gross asymetry in histogranms of sumrer surface wind direction (biased
toward E-NE directions) fromthe study area can be explained by nornal
synoptic effects augnented by sea breeze forcing.

Maj or inplications of the nmountain barrier baroclinicity are:

1. 180degree surface wind shifts between Pt. Barrow and Barter
I'sl and.

2. Inability to predict wind stress and ice notion near shore.

3. Inability to predict ice novenent farther off the coast since

the surface pressure at Barter Island nay be as much as 4 nmb too high
(Schwerdtfeger, 1979) resulting in an incorrect conputation of geostrophic
wi nd speed and direction.

Note: Conplete evidence for the last effect is still being collected
fromsurface pressure buoys and DEWIine station dqt a.

| X. Needs for Further Study

As nmentioned in the conclusion, surface wind prediction from geostrophie
wi nds requires a surface pressure grid with reasonable geonmetry. This has only
exi sted sporadically in the Al askan arctic. A study of pressure data from
the two new pressure buoys (ABB) should be the beginning of a l|arger coastal
buoy program this sumrer.

The past four years of field work did not include the ‘“winter nonths. In
view of the large changes in the histograms of nonthly wind directions for
Barter Island, Oliktok and Lonely throughout the year, a simultaneous investi-
gation of surface winds and geostrophic w nds shoul d be undertaken for Decenber,
January and February 1981, along with pressure neasurenents near the base of
the Brooks Range. This should aid in producing a predictive nodel for this
effect.

A study of sea breeze seaward extent should be made to tie in nearshore
current data with outer-shelf current data and to determnmine its influence on
summer nearshore small ice floe trajectories.

A conbi ned inversion height-atnmspheric boundary |ayer study should be
initiated at 0Oliktok DEWsite instrunenting their 100 neter tower and using
an acoustic sounder to determ ne atmospheric diffusion parameters and wi nd
profiles under very stable boundary |ayer conditions near the coast.

A study of sea ice edge position vs. large scale winds with the new ABB
network shoul d be established based on the encouraging results seen in this.
report.
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Uni versity of Washi ngton
Abstract
SEA BREEZES ON THE ALASKAN ARCTIC CQOAST
By Thones Leslie Kozo
Chai rperson of the Supervisory Committee: Professor Franklin |. Badgley
At nospheric Sci ences

Though sea breezes are not often associated with the arctic, this
conbi ned experinental and theoretical study offers proof, not only that
they exist but that they can become the overriding nmeteorol ogical fea-
ture.

At mospheric environnental data collected in August 1976 and 1977
(when nearshore waters are relatively ice free) along the Beaufort Sea
Coast of Al aska are examined for circunstantial and direct evidence of
the existence of sea breezes at 70°N latitude. As one estimate of tota
at nospheric boundary layer wind velocity vector turning with height, a
t wo- di mensi onal | east squares technique is used to reproduce a three-
hourly gradient wind field with data acquired fromirregularly distrib-
uted surface pressure stations for sinmultaneous conparison to surface
wind data. Rotary spectra fromtime series data of surface w nds neas-
ured at offshore and inshore sites are examined to determne the hori-
zontal extent of sea breeze influence

A nurerical, nonlinear, time-dependent, two-dinensional sea breeze
nodel was formul ated using typical neasured conditions as input to

uncover and simnulate the domi nant physical factors responsible for the



at nospheric boundary layer turning of the wind with height as seen in
pilot balloon data. The sea breeze influence cn boundary |ayer turning
with height is largely responsible for the increased persistence of sur-
face onshore (northeasterly and easterly) w nds docunented in August
historical data for the Al askan arctic coast. The model closely repro-
duced the pilot balloon wind velocity data, surface w nd vector turning
(with time) data and inversion height data, while giving evidence that
sea breeze circulation could be strengthened by weak of fshore (south-
westerly and westerly wi nds) opposing synoptic W nds. The nodel and
data al so showed reduced inland penetration of sea breezes with off-

setting synoptic winds. 4



0 copyright by

THOMAS LESLIE KQzO

1979



Sea Breezes on the Al askan Arctic Coast

by

Thomas Leslie Kozo

A dissertation submitted in partia
of the requirements for the degree

Doctor of Phil osophy

University of Washington

1979

Approved by %vl[ 2 ;/z&éé

(Chai rperson of Super‘ﬁ/({o;ﬂomittee)
v &

Pro”gram Authori zed -
to Ofer Degree Geophysi cs

Date June 8, 1979




Doctoral Dissertation

TIn presenting this dissertation in partial fulfillment of the require-.
ments for the Doctoral degree at the University of Washington, | agree
that the Library shall neke its copies freely available for inspection.
I further agree that extensive copying of this dissertation is allowable
only for scholarly purposes. Requests for copying or reproduction of
this dissertation may be referred to University Mcrofilms, 300 North
Zeeb Road, Ann Arbor, M chigan 48106, “to whomthe author has granted
“the right to reproduce and sell {(a) copies of the manuscript in mcro-
formand/or (b) printed copies of the manuscript nmade from microform?”

A
Signature =/ :

Date gi_wm_ g, 1479




LIST OF FIGURES . . . . . . . . . « o s o s o s ¢« o « » e e e e

TABLE OF CONTENTS

LIST OF SYMBOLS . . . . . . . . . « « « s o » s s = o s o o &«

II.

111.

INTRODUCTION . . . . . . . ¢ ¢ s & v e o o &

1.1 Background . . . . . . ¢« ¢ « s . ocooc . 000
1.2 previous Work . . . . o ococo o o o o o . oo
138tUdy Area . . . . o o o o ©o ©o © ©o ©0 0O s 0000
1.4
1.5

Goal s and IVbtlvat|on. 5 oooe o o o o o e s % e s g

Synopsis of Chapter I o oo o o o o o
ENVI RONVENTAL DATA . . . . & o o « o o o o « 056 €€ €

2.1 Continuously Recordi ng Equipnent . . . '
2.2 Atnmospheric Sounding and Wnd Profili ng Equ| pment
2.3 Geostrophic Wnd Data . -

2.4 PilotBall oonData .

2.5 SurfaceWndData . . :

2.6 Acoustic Sounder Data . . . . . . . . . . . . . .
2.7 Synopsis of Chapter || . . . | e o ¢ s o 2 ¢ o o

THE THECRETI CAL SEA BREEZE MODEL . . . . ««. . . . . . .

3.1Sea Breeze” Properties Included in the Model . . . |,
3.2 Coordinate System and Donmi n of Coverage .

3.3 Surface Layer Equations .

3.4 Upper Sublayer Equations . .

3.5 Initial and Boundary Oondltlons . .o

3.6 The Numerical Integration Procedure . . . ,

3.7 Input to the Model . e e e e e e

3.8 Additional Nurerical Techniques . . . . . . . ,

3

.9 Synopsis of Chapter |11

MODEL RESULTS. . . . . e S S PO T

4.1 Zero geostrophic wind (Case 1), Velocity and
Tenperature Contours . . . .

4.2 Geostrophic Wnd 270°T, at 3 rris and 5 n13
(Case 2a and 2b), Velocity and Tenperature
Cont ours .

4.3 Geostrophic Wnd 220 T at 3 n13 and 5 rﬂs
(Case 3a and 3b) , VeI ocity and Tenperature
Contours . . . . . . . L. L L e e e e

<

et

P O D

i3
15
18
34
52
74
76

78

78
79
79
84
87
89
90
92
94

96

96

101

113



4.4 Geostrophic Wnd 090°T, at 3 mis and 5 ni's

(Case 4a and 4b), Velocity and Tenperature

Cont our s

4.5 Geostrophic Wnd 040°T, at 3 m's and 5 mf's |
(case 5a and 5b), Velocity and Tenperature

A D
[oc BN o))

Cont our s

Surface Wnd Veétc;ré f'or' Cases 25 .' Co
Sinmulated Pilot Balloon Data for Cases 2-5 .
Synopsi s of Chapterl V.

V. THE PHYSTICAL FACTORS WHICH CHARACTER zE THE ARCTIC
SEA PREEZE .

1 Zero (0) Geostrophic Wnd .

5.
5.2 Intensity,
5.
5.

4 Synopsis of ChapterV .

VI.  CONCLUSI ONS AND RECOMVENDATI ONS .

REFERENCES .

APPENDIX A

APPENDI X B:

THE PREDI CTI ON EQUATI ONS I'N FI NI TE- DI FFERENCE

FORM . . . . . .,

DERI VATIONS OF THE U, 6, u,, 6, AND X(k)

Fronts and Frontal
3 Rotation and Rotation Rates .

Advancenent

EQUATI ONS FOR THE .SURFACE LAYER .

N

D

e = .

125

132
139
152
159
162
162
163
167
172
174

176

181

185



10.

11.

12.

13.

14.

15.

LI ST OF FI GURES

Geonetry for application of the circulation theoremto the
sea breeze problem .

Locations of atmospheric pressure stations (P) within the
| and- based grid for 1976, 1977 and 1978 and prinary
study area(A) e e e e e

Primary study area with (W and (WA) representing nmechan-
i cal weather stations and airport weather stations,

respectively.

Nati onal Weat her Service (NWS) surface pressure chart for.

August 16, 1976 (000 GMTY . . . . . . . X % %

+

Two- di mensi onal |east squares fit (TDLSF) to surface
pressure network on August 16, 1976 (.000 QM)

NWS surface pressure chart for August 18, 1976 (000 GVI)

TDLSF to surface pressure network on August 18, 1976

(000 GMT) . . . . o e e e e e e e,

NWS surface pressure chart for August 21, 1976 (000 GwI)

TDLSF to surface pressure network on August 21, 1976
(600 Gvr) . . . . . . . . . . . . . e .0.9000.

Conparison of surface (IO neter) wnds on Cottle I|sland
with geostrophic winds in August 1976 .

Geostrophic wind direction (Dg) as a function of surface
wind direction {(S3g) using data fromthe same tinme
period as in Figure 10 .

Anal og uncal i brated pyrheliograph. data illustrating
relatively high or |low radiation day readings from
August 1-21, 1977

Pilot balloon derived profiles of wind speed and wind direc-
tion from Pingok Island on August 7, 1977 .

NWS surface pressure chart for August 8, 1977 (000 GM)

Pilot balloon derived profiles of wind speed and wind direc-
tion from Pingok |Island on August 14, 1977 .

10

24

25

26

27

28

soD29

35

36

.. 38

39

41

42



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Three hourly local surface wind vectors for designated stations
(as in Figure 30) on August 17, 1977 .

Three hourly local surface wind vectors for designated stations
(as in Figure 30) on August 19, 1977 . . . . . . . . ,

Facsimile record of acoustic soundings from 0700 ADST on
August 20, 1976 to 0200 ADST on August 21, 1976 (a sea
breeze day) recorded 15 kminland at a site between
ARCC and Deadhorse Airports .

Sea breeze nodel coordinate systemand x, y, 3 and domai ns of
cover age. Coe e

Model output of isotachs (nis) of U(UL + U for O geostrophlc
wind (Up, = 0) . .o .o e

Model output of isotachs (nfs) (cross-section) of V(¥Vj + V)
for 0 geostrophic wind (Vg = 0) . e

Mbodel output of isotachs ofw’ (cnms) for a O geostrophic
wi nd. Coe

Model output of tenperature contours (°C) for a O geostrophic
wind, . ... L L L Lo

Model output of total u-Wplane velocity vectors for geo-
stropic wind from 270°T .

Model output of isotachs (m's) of U(UL + 0" for geostrophlc
w ndf ron270°T . Coe . S oo

Model output of isotachs (m's) (cross-section) of V(Vy + V)
for geostrophic wind from 270°T , Ce e

Model out put of isotachs ofw' (cnmis) for geostrophic w nd
fronR70°T. G

Model output of tenperature contours (°C) for a goestrophic
wind from 270°T . .o

Model output of total wu—w plane veIOC|ty vectors for a geo=-
strophic wind from 220°T . . .. . . . &« + v + o .

Model output of isotachs (nis) of (UL + U’ ) for a geostrophlc
wi ndf ron220°T . . . . ,

Mbdel output of isotachs (m/s) of V(VL + V') for a geo-
stropic Wi nd from 220°T C e e e

Model output of isotachs of w' (cmls) for a geostrophic wind
from220"T . . . . . . . . . . . L L RE o R

v

69

70

75

80

97

98

99

100

103

105

107

111

114

116

118

120



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Model output of tenperature contours {°C) for a geostrophic
wind from 22G°T .

Model output of total u-w plane velocity vectors for a geo-
strophic wind from 090°T .

Model output of isotachs (mis) of U U + U) for a geostrophic
wind from 090°T . . . . . . . . . . . . . . . ...

Model output of isotachs (m's) of V(VL + \f) for a geostrophlc
wind from 090°T . .

Model output of isotachs of W (cm's) for a geostrophic wind
from 090°T .

Model output of tenperature contours (Co) for a geostrophic
wind from 090°T . .o

Mbdel output of total u-w plane velocity vectors for a geo-
strophic wind from 040°T .

Model output of isotachs (m's) of U(UL + U') for'a geostrophic
w ndf romD40°T . Ce e
Model output of isotachs (m's) of V(Vi + V') for a geostrophic
wind from 040°T . e e e

Mbdel output of isotachs of w' (em/s) for a geostrophic wi nd
from 040°T . .

Model output of tenperature contours (°C) for a geostrophic
wind from 040°T .

Model output of surface wind vectors for 1500, 1700 and 1900
with Vg (geostrophic wind) from 270°T . Coe

Model output of surface wind vectors for 1500, 1700 and 1900
Witthfrom220°T.

Model output of surface wind vectors for 1500, 1700 and 1900
Witthfrom090°T.

Model output of surface wi nd vectors for 1500, 1700 and 1900
V\n'tthfrom040°T..

Model output of wind speed and wind direction profiles, 5 km
seaward from the coast, for 1500, 1700 and 1900 with Vg's
of 3 mMs and 5 m's (as shown) from 270°T . S

Model output of wi nd speed and wind direction profiles, 5 km
seaward from the coast, for 1500, 1700 and 1900 with Vg's
of 3 mMs and 5 ni's (as shown) from 220°T . Coe

Vil

122

. 126

128

130

133

135

. 137

140

142

144

146

149

150

151

152

154

155



67. Model output of wind speed and wind direction profiles, 5km
seaward from the coast, for 1500, 1700 and 1900 with Vg‘s
of 3 ms and 5 m's (as shown) fromogoe°r . . . . . . . ... 156

68. Model output of wind speed and wind direction profiles, km
1]

5
seaward fromthe coast, for 1500, 1700 and 1900 with Vg s
of 3 mMs and 5 m's (as shown) fromoso°r . . . . . . .. .. 157

viit



,.BQ

NS> Qo

& NR

LI ST OF SYMBOLS

specific heat at constant pressure
Coriolis paraneter

accel eration due to gravity
surface |ayer height

eddy coefficient

eddy thermal diffusivity

eddy viscosity

von Karman's const ant

Obukhov | ength

at nospheric pressure

gas constant for air

Richardson number [ = (g/8)(38/32) | (3U/32)2]
temperature

wi nd conponents; primed quantities refer to sea breeze
di sturbance conponents

1
(u?2 + v2)°’
friction velocity [ = (t/p) 4]
roughness |ength

di stance from surface | ayer to first upper level grid
poi nt of the nobdel

angl e between positive x-axis (north) and the wnd direc-
tion

di mensionl ess height [ = z/L ]

potential tenperature
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I. | NTRODUCTION

1.1 Background

Sea breezes are commbn mesoscale features in coastal areas around
the world. The intensity, duration, and extent of the sea breeze circu-
lation are mainly determned by horizontal gradients in the amunt of
heat supplied by the earth’s surface to the atnosphere (e.g., Defant,
1951 and Estoque, 1961) and by the |arge-scale synoptic conditions
(Estoque, 1962). The horizontal gradient in surface heating is caused
by a difference in the response of land and water to solar radiation
For equal armounts of incom ng radiation the surface tenperature of the
water will be less than |land because nore energy is used for evaporation
and the rest of the energy reaches greater depths due to water turbul ence
and water transparency. Surprisingly, though the heat capacity of water
(1 cal g ! °c"l) is greater than land (usually .6 cal g !°C"! or less),
the thermal conductivity of water (1,3x10°cal cm ! sec 1 e¢7ly IS less
than land (5x10°cal cm ! see-l °C ! for wet soil), therefore without
the earlier-nentioned factors, the water surface and | and surface would
not exhibit a significant horizontal thernal gradient (Yoshino, 1975).

Coastal lands warming in the nmorning cause an increased thickness of
i sobaric layers over land and a downward sl opi ng upper pressure surface
fromland to sea. The resultant horizontal pressure gradient force accel-
erates air fromland to sea aloft. This air mvenment causes an increase
in sea |level pressure offshore (nass excess) and a decrease onshore (nmass

defect). The result is asealevel pressure gradient force that accelerates
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air fromsea to land. This circulation is reversed at night in temper-
ate and tropical l|atitudes when the land-sea tenperature differential
reverses and the |and beconmes cool er than the ocean.

Using Kelvinrs circulation theorem to consider a sinplified version
of the problem Holton (1972) shows there is an acceleration in surface

wind at a |land-sea interface

Py} ~ =
ézz _ R ln[‘P‘;}(Tz—Tl)
dt 2(h+D)

(1.02)

where R is the gas constant, T,and T,are air tenperatures over land
and sea, respectively, L is the sea breeze cell dineﬁéion normal to the
coast, h is the cell -height, P. is the surface atnospheric pressure, and
Py is the atnospheric pressure at the cell top (see Figure 1}). For more
tenmperate latitudes Py is usually 100 nb less than in the arctic. How
ever, the AT value is often one-half that of the arctic regions, result-
ing in conparable magnitudes for the acceleration term for both regions
denonstrating the feasibility of an arctic sea breeze. Typical wvalues
for the arctic coast can be Py = 900mb, Pg = 1000 nb, 2’ ,- T, = 20°C,
A =1000 m and T = 40 km

The sea breeze cell is usually contained in the planetary boundary
layer and is therefore strongly influenced by eddy viscosity, surface
roughness, and conduction processes. Yet its horizontal extent is large
enough that the earth's rotation and the synoptic (large-scale) pressure
gradi ent cannot be ignored (Walsh, 1974).

Previous investigators (Cotton, et al., 1976) have found that the

synoptic environnent’ is altered by the sea breeze through
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(1) perturbing the vertical thernodynamic profile, (2) increasing the

depth of the planetary boundary layer, (3) inducing greater surface
fluxes of nonmentum heat, and noisture, (4) changing the vertical shear
of the horizontal wind in the lower levels of the atnosphere, and (5)
devel oping intense, horizontal convergence regions of heat, noisture and
moment um

Two papers that give insight into sea breeze and synoptic w nd
field interactions in md-latitudes are those of Schroeder, et al. (1967,

with a literature review), and Hawkins (1977).

1.2 Previous Wrk <

Wil e sea breeze work in the tropics and mid-latitudes has been ex-
tensive and of both a theoretical and experimental nature, studies in
the arctic have been limted by scarcity of data, expensive |ogistics,
and |l ack of interest. The discovery and devel opnent of the Prudhoe oi
fields (md-sixties) has led to increased shipping and increased proba-
bility of permanent man-nmade and natural offshore drilling platforns in
t he Beaufort Sea. Since the nearshore ocean current flow along the
Al askan Arctic Coast is primarily wind driven, an interest in caostal
neteorology with direct application to oil spill trajectories im | agoons
and embayments has grown from the necessity to provide conprehensive en-

“

vironmental inpact statements to the U S. Departnent of the Interior.
I nherent in higher latitude studies are tenperature inversions which

pronbte a stably stratified atnmosphere.  Shaposhnikova, et al. (.1968)

di scussed the problem of a non-stationary, nonlinear breeze in a stable

atmospher. They criticized Estoque’s model (1961) for violation of mass

conservation because he nodified the inconpressible formof the continuity
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equation. They also noted the generally weak reverse (land to sea) flow
al oft depicted in previous theoretical nodels (including Estoque’s).
Their paper was not an inprovenent, however, since they onmitted a syn-
optic wind field, used a constant eddy viscosity, neglected the Coriolis
force, used a lapse rate greater than Estoque (1962) and. utilized an
awkward tenperature equation by not witing it in potential tenperature
form. Their results were sinlar to Estoque's case #6 (1962) (with no
synopitc wind and isothermal layer fromOto 1 km) in that both had a
significant reverse flow aloft.

The farthest north experinental sea breeze study found in the lit-
erature was done by Rossi (1957) near Ilmala, Finland, on the shores of
the Baltic Sea (60°N). Nordlund (1971) did a theoretical study using
Rossi's data to conmpare with his nunerical nodel. The nodel was identi -
cal to Estoque's (1961) , except for use of a linear grid in the x-
direction. Nordlund used neasured |ocal conditions to sinulate his heat-
ing function, |apse rate, and |and-sea tenperature difference. The model
becane unstable after 12 hours due to conputational difficulties probably
related to time step size and lack of paraneterization of subgrid-scale
di f f usi on.

Moritz (1977), after investigating historical data in January and
July from Pt. Barrow, Al aska, discovered two significant facts. The
first was that cal cul ated geostrophic w nd speeds in January were 40%
greater on the average than those calculated for July, but the observed
surface wind speeds from both nonths were approxinmately the same. The
second was that cal cul ated geostrophic wind speeds and direction frequen-

cies for July were simlar for winds with east and west conponents, but



neasured surface east w nds had greater nagnitudes and frequency than
west winds. He suggests (w thout proof) that the surface tenperature
contrasts across the boundary along Al aska's north coast produce an
added pressure gradient conmponent that is not recorded by the existing
synoptic observation network. Moritz thought the pressure gradient pro-
duced a sea breeze circulation with a |arger alongshore conmponent (from
the east in this case) than md-latitude breezes because of al nbst con-
ti nuous solar irradience, 33%greater Coriolis force (70°N), and the
great horizontal extent of the coastline. The |ast reason seems ques-
tionable since it cannot be a condition solely confinfd to the Arctic
and coastline irregularities exist of mesoscale propo}tion

Wl sh (1977) examined data fromthree sumrertime flights of the NCAR
(National Center for Atnospheric Research) Electra across the Al askan
north slope. The land-sea tenperature contrast was investigated as a
source of local thermal circulation. Unfortunately, the three flights
were chosen on days with synoptic w nds unfavorable to sea breeze forma-
tion. However, useful data on the coastal tenperature contrast and in-

| and tenperatures were collected and served as both input and a check on
the nmodel in this study.
Walsh nentioned a linearized sea breeze occurrence criterion of

the form

2
V2 < BTy

wher e Vé is the offshore conponent of. the gradient wind, (AT)MAX is the
mexi mum | and-sea tenperature difference observed during the day, and 8

is an enpirical constant (Valsh, 1974) = 1.5 m?s 2¢" !, New data, and



nodel results examined in this study indicate that the criterion may
uriderestimate the val ue of Vgneeded to preclude sea breeze occurrence
on shore. Also, the data and nodel show that the surface wind direc-
tion Oto 5 kmat sea may still be domi nated by the sea breeze though
limted effects are seen on | and.

The summertime | and-sea tenperature difference has a synoptic
scale effect which is inportant since the sea breeze is a function of
the prevailing synoptic situation. A sem -permanent arctic front (dis-
tinect from the year-round polar front) caused solely by the therm
contrast along the northern shores of Alaska, Siberia, and Canada has
been described by Dzerdzeeskii (1945). Reed and Kunkel (1960), how
ever, feel that interaction of orographic features and the general cir-
culation play equally inmportant roles in the existence and position of

the front.

1.3 Study Area

The study area is contained within the latitudes 69°N-74°N and
| ongi tudes 143°w-157°W. 1In this way, buoy installations (1976 only)
within the ice pack, NWS (National Weather Service) stations at Barrow
and Barter Island, DEW (Distant Early Warning) sites at 0liktok and
Lonely (1976 only) and canps at Umiat and Happy Valley (1976 only)
coul d be used as surface pressure data sources to nodel the synoptic
wind field. The degree of influence exerted on surface atnospheric
pressure nmeasurenments by the sea breeze mesoscale pressure perturbation
is discussed in Chapter Il, Section 2.3 for the above-nentioned
stations.

Figure 2 shows the relative positions of the pressure stations (P)
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within the |and-based grid for August 1976 and 1977. The prinmary study
area is contained within the rectangle A and shown in nmore detail in
Figure 3. The Ws and WA's indicate the |ocations of portable weather
stations and small airport weather stations, respectively.

The experimental work for this project was conducted at two nain
field locations, Prudhoe Bay, Al aska (acoustic sounder data) in August
1976 and Pingok |sland, Al aska (radiosondes, and pilot balloon data) in
August 1977 (see Figure 3). These coastal locations exist in an area
where the summer tundra-ocean thermalcontrast remains positive (land
al ways warmer than water) despite 15°C drops in |land tenperature over
the short arctic summer nights (Kozo, 1978 and Moritz, 1977). This
uni que feature of the Alaskan Arctic Coast neans that a summer sea breeze

will not be followed by a | and breeze.

1.4 Goals and Mbtivation

The primary goal of this study is to nodel the interaction of the
arctic sea breeze wth the prevailing synoptic wind field and to assess
the degree of influence that this mesoscale thermally induced feature
exhibits on surface winds in the Beaufort Sea coastal zone. This study
proceeded at its inception to document a phenomenon, previously consid-
ered rare at extrene northern | atitudes. (Defant,1951). Wth increased
experinental evidence, the novelty aspect dimnished and enphasis changed
to consideration of the utility of the findings. Study data, recently
conpi led historical data, and supplenental nodel predictions indicate
that the breeze can domnate the surface wind direction at |east 25% of

the time during the arctic summer. This is true of a zone at |east 20
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km landward and 20 km seaward of the coast.

The nunerical nodel used in this study can, by variation of input
paraneters, be used to investigate the degree of influence exerted by
the land-sea thermal gradient, the planetary boundary |ayer inversion
strength, the eddy flux (heat and nonmentum) magnitude and vertical vari-
ation, and the large-scale wind field velocity. These physical influ-
ences determne the resultant surface wind which can be used to” estimte
the wind-driven ocean current velocities in the coastal zone. In turn,
the intensity of upwelling, and | agoon flushing can be predicted for

mej or biologically active areas.

1.5 Synopsi s

Chapter 2 contains environmental data which was used as input to
the theoretical nodel and as the physical evidence both circunstantia
and direct for the existence of an arctic sea breeze. Data were collec-
ted in August 1976 and 1977 when coastal watters were essentially ice
free (except for small floes).

Chapter 3 is a description of the theoretical nodel for the sea
breeze with enphasis on the planetary boundary layer equations, relevant
departures from earlier nodels such as Estoque's original nodel (1961,
the basis for many subsequent studies, e.g., Morez, 1967; Krishna, 1968;
Delage and Taylor, 1970; Neumann and Mahrer, 1971; Nordlund, 1971; and
Sheih and Moroz, 1975) and techniques for incorporation of arctic envir-
onmental input paranmeters

In Chapter 4, nodel output is conpared to the measured wi nd data
from days when a thermally induced non-stationary mesoscale effect is

appar ent .



12

Chapter 5 discusses the main physical factors which determ ne the
exi stence, the relative strength, the degree of interaction with pre-
vai ling synoptic winds, the rotation rate, and the frontal advancement

of the arctic sea breeze'.

Concl usi ons and reconmendations are presented in Chapter 6.



Il. ENVI RONVENTAL DATA

2.1 Continuously Recordi ng Equi pnent

To suppl enment our |and-based large-scale pressure grid data (1976),
inputs fromtwo ocean buoys in the polar ice pack renmaining from che
AIDJEX (Arctic lce Dynami cs Joint Experinent--University of Washington)
grid were utilized. These pressure and position data buoys depended on
the Nimbus 6 satellite RAMS (Random Access Measurenent System) for track-
ing and data relay. Accuracy of positioning was + 2 km (Martin and
Gllespie, 1978) and pressure was = .25 nmb (Martin add O arke, 1978)
with sanpling intervals of three hours (8 satellite orbits/day).

The | and-based pressure grid used tenperature conpensated Weather-—
measure B211 microbarographs which recorded continuously on charts with
a seven-day drumrotation and had spring wound drives. They operated
bet ween surface pressures of 945 nb to 1045 nb with an accuracy of % .15%
of range. The stations using these microbarographs were serviced and
calibrated weekly with two Negretti -and Zambra precision digital barom
eters. Conparisons with the digital baronmeters have shown the experi -
nental accuracy in our data range to be * .25 nb.

The 10 neter wind velocity at the main experimental site (Pingok
Island) in August 1977 was obtained by a generator-powered Climet O -25
wi nd neasurenent systemwith an accuracy of 1% for wind speed (threshold
.27 ms) and * 3° for wind direction (threshold .34 ms), recording one-
m nute averages of the nmeasured data in ten-mnute intervals.

The 10 nmeter wind velocity and tenperature were recorded at other
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sites by MR (Meteorology Research, Inc.) Mechanical Wather Stations
(Model 1071). They were battery wound systens set for 30-day operations
with a clock accuracy of + 60 seconds per 24 hours. The wind direction
(danped al um num vane) has an accuracy of + 1% of full scale (3600).
Wnd run (fast response alumnumcups with a threshold of .34 m's) which
is converted to hourly wind speed is * 2% of the neasured value. The
tenperature is a shielded bimetal coil sensor with an accuracy of
+ 1.7°C.

Sol ar radiation was measured with a Belfort Pyrheliograph Mbdel
5-3850. The instrunent chart drive is spring-wund and set for 7-day
drum rotation. The accuracy is % 5% over a total range. of .21 Wni.
The pyrheliograph done has a 90% transnission coefficient for all wave-
lengths from.36 to 2.0 microns.

A less conventional continuous recordi ng neteorological instrument
used in August 1976 near Prudhoe Bay (20 kminland fromthe coast) was
t he generator-powered acoustic sounder (also known as sodar and acoustic
radar) . It is an active ranging sensor using sound as the propagating
energy wave.

Thi s sounder was the NOAA (National Cceanic and At nospheric Adnin-
istration) Mark VII portable Acoustic Echo Sounder and consisted of a
central control unit, power anplifier, facsimle recorder, and 4-foot
parabolic reflector antenna. It theoretically can receive echoes from
at nospheric layers up to a height of 1360 m and was operated in the
monostatic mbde, with receiving and transmtting antennas coll ocated.
The monostatic nmode records backscatter due to snall-scale atnospheric

fluctuations. I nvestigators such as Reynolds (1970), Wckoff, et al.
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(1973) and Holmgren, et al. (1974) have used the fixed, vertically

poi nting sounder to nonitor inversion height and planetary boundary

layer structure. The sounder can al so observe the roots 'of convection
near the earth’s surface (Hall et al., 1975). The 1976 data on inver-
sion hei ght and convective plunes serves as an output check on the sea
breeze nodel by indicating height fluctuations in the planetary boundary
| ayer (capped by the inversion) , and by indicating the type of transi-
tion of the boundary |ayer fromone of static stability at sunrise to
one approaching free convection by noon. Since the data from the sounder
had no coinci dent radi osonde or pilot balloon (both discussed bel ow)

2]

information, accuracy limts are not quoted on actual inversion heights.

A conmparison of the sounder inversion heights to those derived fromnore
conventional noncontinuous atnospheric sounding systenms can be found in
Wyckoff, et al. (1973) and Carsey (1975).

Sources of suppl ementary continuous data were airfield weather sta-
tions near Deadhorse, Arco Canp (Prudhoe), Oliktok, Lonely, Um at, Happy
Val l ey, Barter Island, and Barrow. These data were of varying quality
but val uabl e extensions to the unavoi dably small area experinental net-
work. The last two sources are used as direct input to NWS {Nationa
Weat her Service) daily synoptic charts.

2.2 Atnospheric Sounding and Wind
Profiling Equi pnent

At Pingok Island, the main experinental site for August 1977, radio-
sonde information was collected daily (except during a six-day storm to
nmonitor the vertical tenmperature and hum dity structureof the atnosphere.

The radi osonde is a battery-powered expendabl e scientific instrument
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that transmits radio signals during balloon-borne ascent, which when
properly interpreted give a continuous record of pressure, tenperature,
and humdity of the atmosphere through which it passes. The sensing

el enents have ranges as follows: barometric pressure from 1060 nb to
5rob., tenperature from50"C to 90"C and relative hunmidity from15%to
90%. The frequency of the transmitter may be adjusted from 400 to 406
megahert z. The receiver (403 nmegahertz) was made by Borders El ectronics
and the recorder was made by Leeds and Northrup. Both were standard
portable U S. Wather Service units, The radi osondes were made by Bendix
Corporation (ol der nodels) and VIZ Corporation (newer weather service
model s)

The launch balloons (100 g) were underinflated to decrease their
rise rate and thereby increase the informational detail in the atno-
sphere’s | owest 1000 neters during the radi osonde ascent. It was dis-
covered that radiosonde ascents could al so be made by substituting two
smal | er capacity (30 g) standard pilot balloons (see below) for one 100 g
ball oon with interesting results. |f one pilot balloon was underinflated
and one slightly overinflated, rupture of the latter balloon would occur
on ascent at approxinmately 3000 neters. The underinflated balloon would
act as a braki ng nechani sm on descent and two atnospheric soundi ngs coul d
be obtained with one launch, well within the two-hour battery life limts
of the radiosonde transmitter system

The atnmospheric soundi ngs were used as input to the conputer node
to establish the large-scale vertical tenmperature structure and as a
check on the model output at various time periods during the sea breeze

evolution. Accuracy limts on tenperature are * .5°C with a |lag



17

coefficient of 2.7 seconds for a balloon rise rate of ,3 ms (Hart etal.,
1977) . Typical rise rates for this study were 1.5 m's. Assunming the
tenperature sensor’s (thermistor) lag coefficient to be dependent on

ventilations the following relationship applies

Y
A(lag coefficient) = Kv 2

where K is the sensor constant and v is the velocity in meters/second
(Middleton and Spilhaus, 1953). The new x increased to 3.9 seconds.
However, for a maxi num tenperature change of 10°C in 200 m (typical of
the surface-based inversion data neasured on Pingok |sland) the tenper-
ature is still within the previously nentioned accuracy limts. The
accuracy linmts on pressure were + 3 nmb of the actual pressure (Middle-~
ton and Spilhaus, 1953). These pressure linits are considered adequate
for this study and corresponding altitudes have been checked by simul-
taneous theodolite tracking when possible (fog conditions were often
present).

Two theodolites were used to track standard meteorol ogi cal pil ot
bal  oons (August 1977, Pingok Island) and thus determine their position
at prescribed time periods (20- to 30-second intervals). In this way no
assunptions had to be nmade about ascent rates or vertical currents. Each
of two theodolite readings consisted of an elevation and azinmuth angle
whi ch together defined a ray.fron1the theodolite to the balloon. The
nmet hod for calculating the balloon position using all four of the theo-
dolite angles t0 make an optinum estinate is that of Thyer (1961}. It
al so does not fail when the balloon is near or over the base |ine between

the two theodolites. The balloon position data are converted to horizonta
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wi nd velocity versus height, which results in a fair determnation of
the wind vector turning induced in the planetary boundary |ayer when
conpared to inversion heights neasured by the radiosonde system This
technique is considered more accurate than earlier double theodolite
net hods which claima maxi mum 10% error (Singer, 1953) on the horizonta
wi nd velocities. Middleton and Spilhaus (1953) list accuracies of *2°
intrue wind direction and + 1 mis in speed for altitudes |less than 5km.
This tracking was perforned daily when visibility pernmitted and peri-
odically during the day if sea breeze conditions seened probable.

A source of twice daily atmospheric soundings which included tem-

.

perature, humidity, and wind velocity versus height data was the Barter

I sland weather station. These data were used to supplenent our own and

as a check on conditions along the coast.

2.3 Geostrophic Wnd Data

Surface atnospheric pressure gradients can be used te determne the
geostrophic wind which approximtes the free stream flow i mediately
above the planetary boundary |ayer (Brown, et al., 1974).

The equation for atmospheric flow (synoptic scale) is:

g% + VUV + FlV) + 179_13 =0 (2.01)

The last two terns are generally nuch larger than the first two
terms and yield the geostrophic velocity with flow parallel to the iso-
bars.

Several conplicating factors can occur to invalidate the geostrophic

approxi mati on. One of these, the thermal wind, results when the pressure
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gradient at the surface differs significantly fromthat at the free
stream |l evel due to strong horizontal gradients in tenperature. Another
factor is represented by the first term above and becones inportant in
synoptically short tine scales during accelerating conditions such as
frontal passages (isallobaric effect) when | arge w nd changes occur in
less than five hours. A last factor which may be significant is the
second term above. It becones |arge when strong curvature of flow
exists (radius of curvature of isobars less than 300 km in cases where
i sobars can be used to estimate air parcel trajectories) and appears as
a centrifugal term (Holton, 1972) added to the geostrophic terns result-
ing in the gradient wind approximtion. The curvature calculation ap-
proximates air trajectories by isobars which shoul d only be done if the
| arge-scale systemis not noving (steady state). In the exanples to
follow, this approximation is nmade in all cases. Therefore,' t he gradi ent
w nd approximati on may be no better than the geostrophic approxi mation.
Since the curvature effeet is a correction to the speed rather than
direction at a specific time, sea breeze existence is still established
for the exanples shown.

Al or any of the above three considerations nmay be inportant during
sea breeze conditions in the arctic and the data were examned wth these
in mnd.

The first approximation to the geostrophie wind field was obtained
from NWS U. S. National Wather Service twi ce-daily (0000 and 1200 GMT)
surface pressure maps for the northern hem sphere. Surface “pressure data
from Barrow and Barter Island (520 km apart) are the only inputs for the

Al askan Arctic Coast. There were usually no pressure data inputs from
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t he Beaufor t Sea (except sunmer 1976 with remmant buoys from AIDJEX) to
the north and no pressure data inputs to the south until bel ow the
Brooks Range. Therefore, geostrophic wind velocities determ ned from
i sobaric direction and spacing on the maps are questionable for inter-
medi ate points such as Oliktok or Pingok I|sland.

To increase the resolution of the existing NWS pressure grid (1976)
a system of microbarograph pressure stations at DEW (Distant Early Warn-
ing) sites Lonely and 0liktok, and at the air control towers of Umiat,
Happy Valley and Deadhorse was created. Coupled to these were the
al ready existing surface pressure inputs from the ‘Barter |sland and
Barrow NWS stations, and pressure data from two AIDJEX buoys (nentioned
above) . These nine data points provided the basic input to a TDLSF (two-
di mensi onal |east squares fit) numerical tecnigue which produced a higher
resolution pressure map for the study area.

Though direct evidence is limted, it can be stated that the meso-
scale pressure perturbation caused by the sea breeze had limted effect
on the surface pressure data fromthe two AIDJEX buoy stations (nore
than 100 km of fshore, 1976) and the inland stations of Um at and Happy
Vall ey (both approxinmately 100 km inland). Surface wind direction data
from Hufford (1977) show that sea breeze influence does not reach 64 km
of f shore. Rot ati onal spectra (see Chapter |1, Section 2.5) show that
sea breeze influence has dimnished in a horizontal distance of 20 km
offshore. O Brien and Pillsbury (1974) state that sea breeze circulation
is limted to 30 kmoff the Oegon Coast. Sinmpson et al. (1977) from
900 total days of sea breeze observations over 12 years on the south

coast of England indicates that |ess than 1% reached 85 kminl and.
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Rossi's (1957) experimental study of sea breezes on the south coast of
Finland indicated a | andward extent of 24 km  Finally, nodel output (see
Chapter V) indicates that sea breeze effects are mniml beyond 50 km
to either side of the coastline.

The pressure data collected at the coastal stations of Barter Island,
Pt. Barrow, Oliktok, Lonely and Deadhorse are certainly within the zone
of sea breeze influence. Data from Defant (1951, Baltic Sea) indicate
that coastal stations may exhibit a maximm reduction in surface pressure
relative to a seaward station of 1 nmb for the hours from 1300 to 2100
LST on sea breeze days. Linited data fromthis study (Kozo, 1978) indi-.
cate a maxinum .5 nb pressure reduction at Oliktok on days when sea
breezes occurred.

The TDLSF (cubic) technique was used for cases withOmb, .5mnband 1mb
addedto the surface pressures (to simulate removal of the seabreeze induced
pressure effect) from the five above-nentioned coastal stations at 1500
ADST. The maxi num change (over the O pressure perturbation case) in
conput ed geostrophic wind direction was 17° and the maximum change in
wi nd speed was 20% for the three sea breeze days in 1976 that are dis-
cussed in this section. Since this study is concerned wth establishing
sea breeze existence and ability to influence the surface wind direction,
the conputed geostrophic Wi nds in all cases were still from the sout hwest
quadrant and therefore sea breeze induced pressure perturbations do not
detract fromthe arguments to follow.

The basic technique which is used when observations are limited in
nunber and are irregularly distributed over a mapping area is explained

i N Krumbein (1959). In least squares techniques for one-dinensional
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cases, deviations (residuals) from

y =a + bx (straight line)
y =a+ bx + ex? (parabol a) (2.02)
y =a+bxr + cx? + ded  (cubic)

and simlar higher order curves are minimzed to produce a best fit by
varying a, b, ¢, and d, which are constants. Pressure is a function of
latitude and longitude, requiring extension of the |east squares nethod
to two dinensions. Since the study area size usually precludes the

si mul t aneous existence of nore than one high and one low, a two-

di mensional cubic £it is the maxi num degree of variation used to resolve
the pressure field. An exception to this occurs when sharp frontal zones
exhibiting discontinuities exist. The two-dinmensional cubic polynonia

to be solved is

Pressure = Z(x,y) =a+bx +cy + du? + exy + fy2 + gz +hx?y + joy? + ky3

(2.03)

Constants a through k% can be conputed froma 10x10 matrix, where x and y
are the longitdue and | atitude, respectively. For the TDLSF the above
nine real data inputs were blended with eight weighted (5% boundary in-
puts obtained from existing NWS isobaric charts. At prescribed latitude
and longitude points on a uniformgrid a pressure value can be cal cul ated
using the derived constants a through k. The resultant pressure field
can be contoured and geostrophic velocities (partial derivatives of the
above polynomial with respect to x and y are used to cal cul ate them} can

be obtained at field data sites where 10-meter winds were neasured. The
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resul tant simultaneous conparisons can be used as an estimate of the
total boundary l|ayer turning during sea breeze and non-sea breeze
i nfl uenced peri ods.

Figures 4, 6, and 8 are portions of NWS surface pressure maps for
days (August 1976) that exhibit definite evidence that surface winds are
influenced by sea breeze forcing. The inset in each of these figures
shows the orientation of the study area to the Al askan coastline, with
both drawn to the mep scale. The bounds of the higher resolution TDLSF
plots are indicated by the dash-lined study area (on the nmap) with an
“arrowhead” indicating the 0liktok-~Pingok Island-Cottle |sland position.
Figures 5, 7, and 9 are the actual TDLSF plots. The 000 GVI' (G eenwich
Mean Time) corresponds to 1500 ADST (Al aska Daylight Savings Tinme) on
the previous day. The surface winds at the five indicated stations are
shown using standard ¥WS notation for the wind velocity: arrows (— ,
short slash = 3 to 7 knots; — , long slash =8 to 12 knots). Knots
multiplied by .5 are roughly equal to neters/second.

The cal cul at ed geostrophic Wind for Cottle |sland on August 16,
1976 (000 GMIN) was .93 m's from 188.5°T with a neasured surface wnd
(10 nm of 5.28 m's from9o°r, Figures 4 and 5 chow a weak pressure
gradient in the Cottle Island area. The surface wind data did not indi-
cate large speed changes 12 hours prior’ to the above tine and none
occurred until six hours later. The NWS chart 12 hours earlier (not
shown) di d not indicate rapid changes, but the 1200 GMI' August 16, 1976
chart showed a stationary front aleng the coast. However, the isallo-
baric effect was considered negligible for the time period around 000

GMI.  The atnospheric sounding data from Barter Island (250 km to the
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Fig. 5. Two-dinensional least squares fit (TDLSF)
to surface pressure network on August 16, 1976 (000 GWI).
C, N T represent actual surface wind measurements from
Cottle |sland, Narwhal Island and Tolaktovut Point,
respectively. (Pressure contours - M)
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east) showed a wind of 3 m's from 147°T between altitudes of 438 m and
899 m  The vertical shear of the wind above the inversion in the free
stream (thermal wind) was negligible. The isobaric radius of curvature
(south of Cottle Island) as seen in Figure 5 is approxinmately equal to
+155 km (approxi mates the radius of trajectory) .for eyclonic flow.
Form Holton (1972) the gradient wind velocity can be calcul ated by

sol ving

v2 0 2.04
LA P (2.04)

for vwith R

it

radi us of curvature and Vg = geostroph‘ic vel ocity. The
solution by using the quadratic equation requires the -i- root and results
in |7] = .89 nis. The geostrophic wind speed was an overestimate of the
gradient wind by 4% in the area near the curved isobar. The V above the '
boundary layer is snall and should allow a sea breeze to develop. The
| and-sea tenperature difference from Prudhoe Airport to the coast (15
km was 15.5°C.
The cal cul ated geostrophic wind for Cottle Island on August 18,
1976 (000 GMTI) was 2.14 m's from 219.2°T with a measured surface w nd
(10 m) of 3.10 m/s from 105"T. Both Figures 6 and 7 show a weak synoptic
wind field. The surface wind data did not show | arge wi nd speed changes
occurring during the time period in question and the NWS charts % 12
hours from 000 GMI' did not indicate rapidly changing conditions. There-
fore, despite a stationary front appearing on the charts near the study
area, the isallobaric effect (mentioned above) is not significant.
At nospheric sounding data from Barter Island (250 km to the east) showed ‘

a wind of 2.0 mi's from 240°T between 470 m and 900 m, which agrees
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closely with the above cal cul ated value. This is evidence that the
thermal wind on this scale is also negligible. The isobaric curvature
(approxi mates the trajectory curvature) as seen in Figure 7 results in
a radius of curvature equal to roughly -74 km for anticycleonic fl ow
The solution of equation 2.04 requires the negative root for a nornal
high and results in |V] = 3.06 nfs. The geostrophic wind speed under-
estimated the gradient wind speed by 43%in the area near the curved
i sobar (less error near Cottle Island). In this case the ¥V above the
boundary layer is still small and the sea breeze should be able to
override the large-scale wind. The |and-sea tenperature difference
over 15 km (Prudhoe Airport to the coast) was 7.8°C. .

On August 21, 1976 (000 GMI) the geostrophic wWind for Cottle Island
was 4.48 m's from 252,1°T while the neasured surface wind was 5.30 nm's
from110'T. The ¥WS map (Figure 8) indicates a col (region” of rela-
tively flat pressure gradient between two highs and two | ows which
generally results in a low synoptic wind). The synoptic wind field is
stronger (see Figure 9) than the previous case but appears to weaken
from Oliktok to Barter Island. The gradient wind velocity is simlar
to the geostrophic because the radius of curvature of the isobars near
the study area is greater than 300 km

At mospheri ¢ sounding data from Batter Island showed & weak wi nd of
1 ms fromvariable directions between the altitudes of 542 m and 981 m.
The vertical shear of the wind above the inversion in the free stream
(thermal wind) appeared to be insignificant. Though a stationary front
appears near the study area, prior surface wind data do not show | arge

velocity changes and the NWS chart 12 hours before 000 GVMI did not show
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rapi dly changing conditions. Wnd data (10 m) taken 12 hours later did
show an abrupt increase in wind speed (5 mis to 10 n’s) and change in

wi nd direction (210°F to 300°T) which coincided with a frontal passage
near the Cottle Island data site and documented on the next NWS chart.
This frontal passage had no influence at the tine of the TDLSF pl ot and
the isallobaric effect can still be considered negligible. The land-
sea tenperature difference from Prudhoe Al rport to the coast (15 kn) was
6.7°C.

The TDLSF technique applied for a cubic surface was used twi ce
daily for conparison with XWS surface pressure nmaps and atnospheric
soundi ng data from Barter Island, both of which are produced for 000 GMI
and 1200 GWMT. To conpare surface winds with the geostrophic wi nds on a
3-hourly basis, the |east squares technique was used to fit a |inear
surface (plane) to pressure data from Prudhoe, Lonely, Umiat and one
Al DJEX buoy (closest to coast). These data sites surrounded the experi-
mental area. In this case the two-dinensional polynonial to be solved

which gives the best fit to four data points is

Pressure = Z(x,y) = a + bx + ¢y (2.05)

The constants a through ¢ are conputed froma 3x3 matrix with x the
longitude and y the latitude of the respective data site |ocations. Par-
tial Qerivatives (with respect to x and ¥) of the linear pressure PQ Y-
nomial were used to cal cul ate geostrophic velocities. These velocities
were first conpared to those from the previously nentioned cubic fit
(twice daily) and were found to agree (+ 30°) 75% of the observed tines.

The linear surface can only approximate a mesoscale pressure higher | ow,
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therefore local perturbations appearing in the cubic fit would be m ssed
by the plane fit resulting in substantially different geostrophic W nds
calculated from respective pressure gradients. The conputed geostrophic
w nds fromthe three sea breeze days (di scussed above) were conpared
(for 000 GMIIN) wusing the linear and cubic fits. The linear fit for
August 16, 1976 was 1.37 m's from 142.4°T to .93 m's from 188.5°T for
the cubic fit. On August 18, 1976 the linear fit was 2.39 nmis from
232.4°T to 3,19 nm's from 226.7°T for the cubic fit. The last day,

August 21, 1976, produced a linear fit of 3.76 mls from231.7°T while the
cubic fit showed 4.48 m's from 245.1°T. The geostrophic winds all had a
southerly conponent and were weaker than 5 nis.

The linear fit did provide the only continuous comparison (3-hourly)
of the geostrphic wind (near Cottle Island) with the 10-neter w nd meas-
ured at Cottle Island over a two week period in August 1976. Figure 10
shows a histogram both of the 10-neter surface wind (solid line) and the
conput ed geostrophic W nd (dashed line) for a tine segnent from August
13 to 23 and August 30 to Septenber 3, 1976. The wind direction is
divided into 15° increments with the y-axis indicating the nunber of
sanmples. Planetary boundary |ayer turning, usually the result of a
three-way bal ance between the Coriolis force, the |arge-scale pressure
gradient force and the viscous force, would show wi nds shifted approxi-
mately 20°CCW (counterclockwi se) fromtheir free stream direction to
their 10-neter direction. In Figure 10, the lined-in area under the
geostrophic wind direction (above the boundary layer) curve with an aver-
age direction of 225°T occurs sinultaneous to the lined-in area under

the 10-meter wind direction (surface wind) curve with an average direction
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of 165°T. The sea breeze has offset weak geostrophic winds in the
boundary layer to produce” an average “turning” of 120° countercl ockw se

fromthe free streamlevel to the surface. The frequency of surface
wi nds fromthe east has been al nost doubl ed

Another way of presenting the data in Figure 10 is shown in Figure
11.  The geostrophic wind direction (DG, ordinate) is plotted as a func-
tion of the surface wind direction (S, abscissa). The sea breeze
i nfluenced data points. (SB) are contained within the dashed |i nes. The
geostrophic winds within a 60° band from 195° - 255° (SW quadrant) cor-
responding to surface winds in a 60° band from 90° —‘150°(SE quadr ant)
exhibit an average turning of 120° from the free stream level to the
surface.

As discussed earlier, the pressure data from the coastal stations
of Prudhoe and Lonely are subject to sea breeze influence. The TDLSF
(plane fit) technique was run for cases where .5 mb and 1 nb were added
inturn to each of the coastal station readings from 1200 to 2100 ADST.
The greatest directional change (over the O pressure perturbation case)
was 44°, while the maxi mum wi nd speed change was 1.5 m's. The shape of
the 3-hourly geostrophic wind histograns for the+ .5 nmb and + 1 nb
coastal cases was not changed significantly fromthat exhibited in Fig-
ure 10, Again, the essential argunents presented in this thesis are not
weakened by sea breeze mesoscale pressure gradient effects on coasta

station pressure data.

2,4 Pilot Balloon Data

These data were collected in August 1977 on Pingok Island (see

Figure 3), the primary experinmental site. Early norning and late evening
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tracking was precluded by fog conditions. Figure 12 consists of anal og
uncal i brated pyrheliograph data to illustrate relatively high or | ow
radi ation day readi ngs from August 1-21, 1977,

August 7, 1977 data are presented in Figure 13. The vertical axis
is height (m with the horizontal axes indicated as either wirnd speed
(ms) or wind direction (°T). The times are in Al askan Daylight Saving
Time (ADST) with 1500 ADST corresponding to 000 GV the follow ng day,
for example. The surface tenperature was 6.8*C and tenperature at the
top of the inversion layer (ILT) was 14.5°C at 400 mfor 1500 ADST (from
radiosonde data).

Figure 13a shows wind speed and direction vs. height data at 1043
and 1235 ADST. The 1043 profile of the wind direction from 100 mto
500 m is simlar to the 1235 profile. The 1235 profile shows approxi-
mately 20° of clockwi se surface turning since 1043 and 20° of counter-
cl ockwi se turning (backing) fromthe surface to 400 m  This backing
with height is not typical and certainly not predicted by the classical
steady state Ekman |ayer solution.

The 1518 and 1710 profiles (Figure 13b) show the surface wind direc-
tion to be turning clockwise with tine and show the free stream w nd
direction above the inversion layer top to be turning counterclockw se
with time. The 1518 wind backs from the surface to the top of the in~
version layer, a total of 80°, while the 1710 wind veers 190° fromthe
surface to the inversion layer top. Abnornally |arge boundary |ayer
turning with height has occurred. The tenperature difference (1500 ADST)
bet ween Prudhce Airport and the coast (13 kn) was 8.3°C. The pyrhelio-

graph output (Figure 12) shows that August 7 was relatively clear ‘.
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(extremely clear days were reported prior to sounding equi prent setup,
W th peaks of 10chart intervals above the base |evel).

The NWS surface pressure map for August 8, 1977 (000 GMI) shown in
Figure 14 plus the atnospheric soundings fromBarter Island (250 km
east) do not indicate a geostrophic wind from the northwest quadrant.
The August 7, 1977 (1200 GMI) map (not shown) has evidence of isobaric
curvature which could produce northwest w nds, while the correspondi ng
Barter Island soundings indicate a negligible wind above the inversion.
Surface wind data from Pingok Island, Cottle Island and Cross Island all
show an abrupt wind direction change at 1200 GMI (August 7, 1977) to the
northwest quadrant. This exanple appears to ‘beacase“ where the NWS
chart does not provide the resolution to estinmate the proper gradient
wi nds for the area of the Beaufort Coast between Barter |sland and Pt.
Barrow. Other exanples of limted resolution are noted by Kozo (1977).

August 14, 1977 data are presented in Figure 15 with the axes,
time, and inset designations the sane as in Figure 13. Radi osonde data
fromtwo |aunches (1427, 1815 ADST) indicated the top of the inversion
| ayer (ILT--200 meters) tenperature was 17.5*C with a 5.0°C surface
t enperat ure. Figure 15a shows wi nd speed and direction versus height
data at 1017 and 1107. Both profiles have low wind speeds above the
200 m and exhibit veering fromthe surface to 200 m of approxi mately
110°.

The 1427 profile (Figure 15b), again with weak upper |evel wi nds,
veers 100° and shows a surface wi nd speed larger than the free stream
wind. Normal boundary |ayer surface wind speeds should be 50% to 60%

| ess than the geostrophic Wi nd speeds. The 1815 and 2253 profiles
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exhi bit normal boundary |ayer veering up to the inversion |ayer top

but both show a w nd speed increase within the boundary |ayer resulting
in a speed greater than the apparent geostrophic wind. The tenperature
difference (1500 ADST) from Prudhoe Airport to the coast was + 13.3°C.
The pyrheliograph output (Figure 8) indicates that August 14 was clear.

A U S. Coast Cuard icebreaker (d acier WAGB-4) was positioned
approxi mately 64 km north of Pingok Island from 1050 to 1850 ADST on
August 14, 1977, remaining Stationary while deploying two helicopters
for ocean current neasurenments (Hufford, 1977). Wile surface winds at
Pi ngok Island were averaging 64°T and 4 m's from 1200 to 1400 ADST, the
i cebreaker was recording surface w nds averaging 170°T and 2.5 m's. The
pi | ot balloon sounding (Figure 15b) at 1427 ADST showed weak w nds of
less than 2 m's and wind directions above the surface-based inversion
| ayer from 180°T to 150°T. The upper level wind directions 'prior to
1200 ADST were from 180°T (Figure 15a). This difference in surface wind
direction from Pingok Island to the icebreaker shows the linmt of the sea
breeze influence to be certainly less than 6% km fromthe coast.

The NWS surface pressure map for August 15, 1977 (000 GVII) shown in
Figure 16 is in fair agreenment with the 1427 profile (above) and shows a
geostrophic wind from120°T at 3 m/s. ‘'The Barter Island soundings are
not simlar and for the same time (000 GMT) show 60° of backing fromthe
surface to the inversion layer top (200 m), with free stream winds aver-
aging 340°T and 2 m's. These types of variations over 250 km for weak
wi nd conditions are not unusual.

August 15, 1977 data are presented in Figure 17 with simlar axes,

time, and inset designations as Figure 13. Radiosonde data from two
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 aunches (1526 and 1810 ADST) indicated the top of the inversion |ayer
(ILT--200 neters) tenperature was 17.5°C with a 5.0°C surface tenpera-
ture. Figure 17a shows w nd speed and direction data at 1010 ADST.

This rpofile with wind speeds of 12 m/s above 200 m and veering of 30°
is close to a normal barotropic boundary |ayer profile. Figure 17b
shows that the free stream wind direction had changed 110° by 1524 ADST
but remai ned constant at approximtely 220°T for the next four hours of
bal | oon tracking. The 1524, 1810, and 1910 profil es show tenporal veer-
ing of the surface wind vector as expected during tines of sea breeze

i nfluence and all show abnormal veering of the w nd vector wi th height”
(greater than 100° to the inversion |layer top). The upper |evel wi nds
at 1524 during the sea breeze' maxi mum were weak (averaging 3 nms) and”
shoul d have allowed for its developnent. The Prudhoe-coast tenperature
difference (1500 ADST) was 12.8°C while the pyrheliograph output (Figure
8) indicates that August 15 was overcast (at |east at Pingok Island).

The NWS pressure map for August 16, 1977 (000 GMT) shown in Figure
18 indicates a weak gradient wind in the area while the Barter Island
soundi ng has a surface wind of 340°T at 2 m's (alnost perpendicular to
the local coastline orientation) with O ms as upper level wind speed
(above the inversion to 955 m). There is anple evidence that the sea
breeze is the controlling influence at this tine.

August 17, 1977 data are presented in Figure 19 with simlar axes,
time, and inset designations as Figure 13. Radiosonde data (2144 ADST)
indicated the top of the inversion |layer (ILT-~200 neters] tenperature
was 15.4°C while the surface tenperature was 3.0°C. Figure 19a shows the

morning profiles for times 0901 and 1050. The upper level (free stream
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wind speeds were less than 2 m's and surface wind directions were con-
trolled by the sea breeze (note: sunrise was at 0300 ADST) several hours
before reaching its theoretical maximum Figure 16b shows the afternoon
profiles which exhibit nore normal surface to inversion height veering
-as the geostrophic Wind speed increases. The 1523 profile has a |arger
turning of 70° clockwi se (fromthe surface) with a wind speed increase
bel ow the inversion |ayer top which indicates sea breeze influence by
interaction of the geostrophic and sea bteeze w nd conponents. The P-C
(Prudhoe~coast) tenperature difference (1500 -ADST) was 7.8°C phile the
pyrheliograph output (Figure 12) shows that sky conditions went from
scattered to overcast cloud cover.

The WWs surface pressure map for August 18, 1977 (000 GMT) indicates
a weak gradient wind of less than 3 mls fromthe southeast quadrant near
pingok Island (Figure 20). Barter Island soundings indicate a weak
above-inversion wind speed (less than 3 nm's) fromthe northeast quadrant.
The Barter Island surface wind is 5 nmfs from 70" which indicates an in-
crease in wind speed beneath the inversion (sea breeze influence).

Figure 21 has August 19, 1977 data |abeled as in Figure 13 above.
Radiosonde plots (1702 and 2212 ADST) showed an average top of the inver-
sion layer (1LT--150 nmeters) tenperature of 13°C and surface tenperature
of 8°C. The inversion steepness increased slightly from 1702 to 2212 as
the surface tenperature decreased. Figure 21 shows the 1024 and 1205
profiles with wind veering up to the inversion height while the 140.0 and
1500 (Figure 21b) wind profiles exhibit counterclockw se turning (backing)
up to the inversion height. Also, a local surface veering can be noted

from 1200 to 1500. The wi nd speed above the inversion by 1400 is |ess
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than 5 ms and is considered noderately weak. The 1704 and 1$37 profiles
(Figure 21b) exhibit backing of greater than 90° through the inversion
height with the free stream wind direction changing 25° in 1.5 hours.
The wind speed above the inversion is weak and again the sea breeze in-
fluence is dominant. The P-C tenperature difference (.1500 ADST) was
8.9°C and the pyrheliograph output (Figure 12) shows that sky conditions
were scattered cloud cover.

The NWS surface pressure map for Aguust20,1977 (000 GMT) depicts
a weak gradient wnd (col situation} for the Pingok Island area (Figure
22) . Barter Island soundings for the sane tine indicate a free stream
wi nd averaging 7 mis from 280°T. The Barter surface wind is 4 mls from
90°T which is abnormal boundary |ayer turning not unlike that at Pingok

[ sl and. There is evidence at both sites of sea breeze influence.

2.5 Surface Wnd Data

Figure 23was obtained from nonthly summaries of surface wind direc-
tions for 0Oliktok (15 km from Cottle Island) in the 0CS (Quter Continen-
tal Shelf) Cimatic Atlas (Brewer et al., 1977) for the nonths of January
(limted thermal contrast across the coastline) and August (thermal con-
trast across the coastand maxi mum open water). These are histograns of
wi nd speed and direction with the top scales representing direction
(from) frequencies and indicated by Tharottom scales represent
speed frequency and are indicated by printed nunbers. Itcan be seen
that 67% of the measured surface wi nd speeds in August were below 6 nis.
There is a bimodality in wind direction which is attributed to the large-

scal e wind field. The asymetry that appears in the August data can be
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partly explained by the latitudes 70°¥ to 75°N (north of Al aska) becom-
ing a region of anti-cyclonic flow during arctic summers (Reed and
Kunkel, *1960). This is a synoptic effect; however, Figure 10above shows
that some of this asymmetry must also be a thermally induced mesoscale
effect (sea breeze). The Oliktok hi stogram for August conpiled from
historical data is remarkably similar to the Cottle Island (| O nmeter

wi nd) histogram conpiled during three Augusts from 1976 to 1978 (Figure
24)- The left scale is the direction percentage frequency with bars
representing winds from each direction. The right scale is the speed
frequency with printed numbers representing the percentage frequency of
wi nd speed observed from each direction. Here 62.5% of the neasured
surface wind speeds during the tines of observation were below 6 nis.
This simlarity in the histograms from 0liktok and Cottle Island inplies
that the wind velocity data taken during this exberinent wer e representa-
tive of previous Augusts for this part of the Alaskan arctic coast.

Time series of surface wind data from coastal stations and islands
were examned with a | ess conventional technique of spectral analysis
than that used for typical speed (scalar) spectra. The technique computes
a rotary spectrum as output and is described in detail by Gonella (1972)
and utilized to determine the existence of sea breezes by O Brien and
Pillsbury (1974).

The rotary spectrumis arepresentation in frequency space of the
variance spectrum of a two-dinensional (vector) time series. The vari-
ance for each frequency band is divided into clockw se rotating variance
(at negative frequency) and counterclockwi se rotating variance (at posi-

tive frequency). For a single frequency band, the horizontal velocity
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w=U + Zv can be witten with the » and v conponents as arbitrary sinu-

soids (O Brien and Pillsbury, 1974):

u(t) =a1(MN cos R w7ty +by(F) sin (2 = fL)
(2.06)
v(t) = a2(f) cos (2 7 f&) + L2(f  sin (2 ® £

If the cosine and sine terns are replaced by conpl ex exponentials, then

rearranging results in

o = [gl + b2) Ji2ft [ag — bl]e i 2nft
) 2
: (2.07)

- 424 F L g
+ [al - bz) elZTrJt + 4 {&+2b1] R i2nft

w can now be witten, on appropriate coordinate transformation involving

rotati on of axes., as

., . T_‘\t . - ﬁu
w = el 2T | ppmiE 2T (2. 08)
wher e:
1
A= Ylby +a? + (az-a) ] 2
-1 2 21
¢ = hlby - ap)® + by +a)?}
and
. _ a2 - by _a,+ b,
tanﬂ—al_'_bz ,tanc—m

The anplitude 4 corresponds to the counterclockwi se conponent while C
corresponds wthe clockw se conmponent of the notion. Conparison of Xq.
(2.08) with Eq. (2.07) indicates that 4 is the anplitude of w at positive

frequency and C the anplitude of w at negative frequency. The variance
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of wis 2(A"+ ¢2) and is partitioned as a function of frequency into
count ercl ockwi se and cl ockwi se portions. The rotary spectrumis a plot
of 24742 (units of energy density) versus frequency at positive frequen-
cy and 247¢? versus frequency at negative frequency (where AT is the
m ni mum data interval in seconds). The squared nodul us of w is propor-
tional to the rotary spectrum The rotary spectrum can be shown to be
the sum of the kinetic energy (speed) spectrumplus twice the quadrature
(out - of - phase) spectrum between u and ». The shape of the rotary spec-
trumis determned by the quadrature spectrum since the speed spectrum
is symmetric with respect to frequency. OBrien and Pillsbury (1974)
state that the rotary spectrumfromtinme series of horizontal w nds col -
lected at station's (offshore and land) near the Oregon coast show the
sea breeze to be a predom nantly clockw se (veering) w nd oscillation.
Also, the absence of significant peaks at the 24-hour period in the
cl ockwi se part of the spectrum (buoys 30 km offshore) indicate that the
sea breeze ocean surface circulation is limted to 30 km of fshore.

Figures 25 and 26 are plots of rotary spectra for August 1976 and
1977 fromtime series data of surface wind velocities at various stations
both inland and offshore. They are semi-log plots with 95% confi dence
limts (C and bandwi dths (B) indicated, The spectral peaks occurring
near -1 cycle/day (24-hour period) are “the clockw se-rotating contribu-
tions fromthe sea breeze. The vertical axes are spectral densities
(Im%/s2]/{c/3h]) with the horizontal axes in frequency units of cycles/
day.

Figure 25 represents spectra for data (1976) collected at (a) Nar-

whal Island ¢18 km offshore), (b) Cottle Island (5 km of fshore), (c)
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Tolaktovut (coastal station), and (d) Deadhorse Airport (19 km inland),
respectively (see Figures 2 and 3). There is a marked asynmetry around
the O frequency line and all have significant peaks corresponding to the
24-hour period on the negative frequency axis. The peaks related to
clockwi se rotation in the Deadhorse (Figure 25d) and Narwhal (Figure
25a) spectra are evidence (0'Brien and Pillsbury, 1974) of sea breeze
influence in at least a 37 km band centered on the coastline.

Figure 26 has spectra from data (1977) collected at (a) Cross
Island (19 km offshore), (b) Cottle Island (5 km offshore), (ec) Barter
Island (coastal station), and (d) Deadhorse Airport (19 kminland).

"
Again, asymmetry and significant peaks near the.-1 cycle/day frequency
(24-hour period) can be seen. Cross Island (instead of Narwhal |sland)
and Deadhorse spectra show sea breeze existence in a 38 km coastal zone.

Bot h sets of spectra sonetimes show peaks on the positive frequency
axis near 1 cycle/day. The sea breeze induces clockw se rotation of
local wind vectors with tine under conditions of weak synoptic flow
(Schmidt, 1947; Defant, 1951, and Haurwitz, 1947). It has been shown by
Haurwitz (1947) that prevailing synoptic conditions may interact with
the sea breeze to cause countercl ockwi se rotation of the |ocal wnd vec-
tor. These spectral peaks near the 24-hour period for this data and on
O Brien and Pillsbury's (1974) spectra (though not specifically nentioned
by then) are thought te be caused by the sea breeze in combination with
the large-scale wind field. In the case of the Beaufort Sea coast, a
nmoder at e sout hwest synoptic w nd (220°T) existing in the norning hours
could be “rotated” to 70"T (counterclockwi se) as the sea breeze becane

domnant. A quantitative way to look at the turning of the |ocal w nd
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vector has been devel oped by Neumann (1977) and will be discussed in
Chapter V.

Examples of time variation of the local surface wind vector (direc-
tion versus true north, coastal orientation 25° to east-west line) with
di stance seaward and | andward fromthe coast are presented to illustrate
the clockwi se and countercl ockwi se -rotation (Figures 27-34). They have
been chosen for the days (nentioned above) in August 1976 and August
1977 (see above) which exhibited sea breeze characteristics. For
August 1976 Narwhal |sland was the nost seaward site (18 kn) while Dead-
horse Airport was the mpbst inland site (19 km. August 1977 had Cross
Island (19 knm) and Deadhorse Airport as the nbst seaward and most inland
sites, respectively (see Figures 2and 3). The data sites are desig-
nated by letters with E = Narwhal Island, C = Tolaktovut Pt. for 1976;

E = Cross Island, C = 0liktok for 1977; and D = Cottle Island, A =
Deadhorse, B = ARCO Airport for both years.

August 15, 1976 (cal cul ated geostrophic wind--188°T and 1 m's 1500
ADST) is seen in Figure 27 with local wind vectors at the tinmes (ADST)
and di stances from the coast (km) for the indicated data sites. The
wind vector at Tolaktovut (coastline site) rotated from 090°T at 0600
to 255°at midnight in a counterclockw se direction with a wind direc-
tion of 045°T and 3.6 m's for the time of maxi num sea breeze influence
(1500) . Al five of the sites had wi nd directions 270° £ 20°T (surface)
by nidnight (near mininuminfluence of the coastal thermal contrast)
while the conputed geostrophic wind was 265°T and 10 m's. The five
sites exhibited general counterclockwi se rotation of the surface wi nd

vector while the geostrophic wind vector rotated cl ockwi se approxi mately
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70°. Thesea breeze influence appeared to reach the stations nost dis-
tant from the coast later and diminished later. ARCO Airport experienced
a 3°drop in tenperature from 1500 to 1700 after the wind changed to the
east from the southeast.

August 17, 1976 (calcul ated geostrophic wind, 226,7°T and 3.2 nis;
1500 AIIST) is seen in Figure 28 with local w nd vectors, positions and
times as indicated. Al five of the sites had wind vectors that exhib-
ited a clockwi se rotation from 1500 (maxi mum sea breeze influence) to
m dni ght while the 0900 to 1500 tine period had generally counterclock-
wi se surface wind rotation, The conputed geostrophic wind direction

:

for mdnight was 137°T and 2.2 mis. The rotation of the conputed geo-
strophic wind was counterclockw se 110° from 1500 to midnight. In this
case the geostrophic winds (free strean) were very weak and should have
had limted influence on the sea breeze rotation

August 20, 1976 (cal cul ated geostrophic Wi nd, 245.1°T and 4.48 m/s,
1500 ADST) is seen in Figure 29 with local w nd vectors, positions, and
times as indicated, The wind vectors fromfive sites exhibited counter-
cl ockwi se rotation until 1500 and cl ockwi se rotation thereafter unti
m dni ght.  The conputed geostrophicwind direction was 246°T and 9 m's by
m dni ght, indicated a steady gecstrophic direction with adoubling of
speed. This is a definite exanple of the sea breeze causing both clock-
wi se and countercl ockwi se rotation and maintaining an easterly wind com
ponent when a westerly conmponent should have prevailed. ARCO Airport
data showed a tenperature that peaked at 1300 and did not increase unti
1900 when the wind began to assune its normal gradient direction

August 7, 1977 (Figure 30) is labeled as the previous figure and
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has a geostrophic wind (pilot balloon data) from 280°T and 2 m's (1500
ADST) . The data from all stations show a general clockw se rotation
fromearly norning until mdnight as the sea breeze influence forced the
northwesterly wind to a nore northerly direction and finally, to the
northeast quadrant. The free streamw nd velocity was 5.5 ml's from
265°T at 1710 ADST (pilot balloon data) to maintain a steady direction
with a speed increase, while the surface winds showed at |east 60°of
clockwise rotation, The surface tenperature dropped 4.5°C by 1700 at
ARCO Airport as the w nd approached a northwesterly direction.

August 14, 1977 (Figure 31) had a weak geostrophic wind shown on
PBD (pilot balloon data, Figure 15) of less than 2m's from180°T in
the nmorning until 1427, which changed to a noderate wind of 5 m's and
90°T by 1815 in the later afternoon. This was 90° cl ockwi se rotation
of the free streamw nd vector in a time period of four hours. The data
from | and-based stations show that the sea breeze did not dom nate the
| ocal wind vector until 1300 (not shown in Figure 31) while the seaward
station at Cottle Island was already influenced by 0900. ARG Airport
data showed a 3.5°C drop in tenperature from 1300 to 1600 ADST as the
wind went fromnull to 3 nis fromthe northeast, This is an exanple of
a weak offshore gradient wind “stalling” the advancement of the sea
breeze front, but nevertheless allowing the sea breeze to build. After
1800, the seabreeze and the geostrophic wind were aligned in the sane
direction which inhibited further rotation of the |local w nd vectors

(see Chapter V).

August 15, 1977 (Figure 32) has a geostrophic wind shown on PBD

(Figure 13) of 3 mls from 220°Tat 1527 ADST. The |ocal surface wind
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vector at Deadhorse (14 kminland) was just show ng evidence of sea
breeze arrival by 1500, while the stations closer to the coastline
(usual area of sea breeze genesis) had surface wind vectors already con-
trolled by the breeze. Later in the evening as the sea breeze strength
di mi ni shed and the gradient wind increased in speed, the surface w nd
vectors went back to synoptically controlled directions. The ARCO
Airport tenperature had no evidence of sea breeze frontal approach.

August 17, 1977 (Figure 33) had very weak gradient w nds (PBD,
Figure 15) of less than 2 mi's in the nmorning, which changed to 4 nis
from110°T by 1523. The surface winds on the seavvard‘si de of the coast
showed a speed increase over the gradient wind aloft which nust be
attributed to the sea breeze' dominating in the norning and aligning it-
self with the gradient wind in md-afternoon. The afternoon alignnent
accounts for lack of rotation of the local wnd vectors (see Chapter V).
A wind speed increase from3 nis to 5 ms in four mnutes with a 2°C
temperature drop in two hours at ARGO Airport signaled the sea breeze
arrival.

August 19, 1977 (Figure 34) had weak gradient winds (PBD, Figure
17)of4ms with a relatively constant direction of 260°T from 1205
to 1500. During this tine the Cottle Island and Oliktok surface winds
rotated clockwi se to become nore northerly under the sea breeze influ-
ence. Cross Island appears whe under different synoptic situation
(l ocated in the northeast corner of the data grid) in a cel situation
whi ch woul d account for the norning surface wind (see Figure 22) direc-
tion. By 1837 the geostrophic Wi nd has changed to 320°T in a cl ockw se

rotation while the surface wind vectors for all stations (except Cross
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I sland) have rotated 100° cl ockw se, In this case Deadhorse, the nost
inland, "felt" the sea breeze effects last. ARCO Airport tenperatures

did not. show any abrupt changes which would signify frontal arrival

2.6 Acoustic Sounder Data

Figure 35 is a facsimle record of acoustic soundings from 0700
ADST on August 20, 1976 to 0200 ADST eon August 21, 1976 (sea breeze day)
recorded 15 kminland at a site between ARCO and Deadhorse airports.

The vertical scala is in meters while the horizontal scale is tine
(hours).  The geonetry of real atnospheric waves may di ffer nmarkedly
fromthe wave shapes on the facsinile records. since the horizontal
scale is a tine scale. Intermttent dark vertical bands seen extending
into the upper parts of the records are due wnoise fromroad and air-
plane traffic.

During stable conditions, backscatter appears as nulti-layered
quasi -horizontal bands. In the case of a ground-based inversion during
early nmorning and | ate evening hours on clear days (Figure 35, August
26, 1976, from 0100 to 0200) there is one horizontal band fromthe base
of the scale to approxi mately 100 neters,

Stun (1975) states that when turbulence dimnishes in the late
eveni ng, subsidence and infrared radiation [ower and snmooth out the old
passive inversion while a new ground-based inversion could be created
si mul t aneousl y.

During unstable conditions echo patterns can becone vertically
oriented. The spacing of these echoes may indicate that the convection

is organized into thermal plunes. The upper limt of the echoes usually
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Fig. 35. Facsimle record of acoustic soundings from 0700 ADST on August 20, 1976 to

0200 ADST on August 21,
and Deadhorse Airports.

1976 (a sea breeze day) recorded 15 kminland at a site between ARCO

6L
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does nct correspond to the maxi mum range of the convective plunmes

(unl ess capped by an inversion). The echoes indicate that the small-
tale tenperature fluctuations are nmore marked in the |ower part of the
plunmes and in the superadiabatic surface |ayer on which the plumes feed
(Holmgren, et al., 1974), In Figure 35 the times 1200-1400 ADST show an
inversion layer capping thernmal. plume activity with an apparent inter-
action between waves in the inversion and the underlying thermal plunes.
It is not known whether the waves are generated by penetrative convec-
tion or whether the waves control the thermal convection. This day's
data are nmerely included to show that the boundary |ayer height (assuned
to be contained beneath the inversion) has risen from 100 min the norn-
ing hours to 450m by1500 ADST (15 km inland), the tinme of typical sea
breeze maxima. The npdel output will be conpared to this data (Chapter
V) for an inland check and Pingok Island soundings for an offshore
check on typical inversion heights planetary boundary |ayer height) dur-

ing daily sea breeze evolution.

2.7 Synopsi s of Chapter 1|

This chapter has covered the data gathering techniques, the types
of equi pment, the mathenatical tools used to extract additional know -
edge by changing the data to a nore usable form and the data thensel ves,
which present both circunstantial and direct evidence of effects due to
sea breezes.

The data have shown the nmaximumtine of sea breeze influence to be
from 0900to 2100 LDST, and the landward-seaward influence to cover a

zone of at least 38 km  The sea breeze {with no land breeze) has been
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shown to increase the persistence of easterly surface winds and to
account for part of the asymmetry in the typically bimodal -histograms of
wind direction for the nonth of August. Evidence has been presented
for advancenent or stalling both of the sea breeze front and the |oca
surface wind vector rotation as a result of the prevailing wind field.
Data from atnmospheric soundi ngs have shown wi nd speed increases bel ow
the inversion |ayer when the gradient wind and sea breeze were aligned
and cases of abnormal boundary |ayer turning both clockwi se and counter-
clockwise when the gradient wind and sea breeze were not aligned. Fin-
ally,asseen in the acoustic sounder data, the depth of the inversion
| ayer (planetary boundary |ayer) was altered during ; sea breeze day.

Wil e nost of these characteristics also apply to a nmid-latitude
sea breeze, they represent docunentation of events at 70°N |atitude
with a frequency of occurrence that makes them a neteorol ogica

feature of inportance in the Beaufort Sea coastal =zone.



IT1. THE THEORETI CAL SEA BREEZE MODEL

3.1 Sea Breeze Properties |Included
in the Mbde-|

The sea breeze is air moving inland from the sea in response to

differential heating across the coastline. The zone that separates the
marine air fromthe land air often i s narrow enough to be considered a
sea breeze front. The return flowis weak but over a deep |ayer above
the sea breeze, the circulation is closed by subsidence in the region
behind the frontal zone, The differential thermal structure which
drives the sea breeze circulation is created by heat input at the ground
and distributed aloft by turbulent diffusion. This circulation which
devel ops in response to thernal contrast is thoroughly nonlinear
(Geisler and Bretherton, 1969). The |andward advected sea air nodifies
the thermal pattern which initiated it. The range of altitude over
whi ch the heat is diffused before the breeze begins, and later ahead of
the sea breeze front, is a result of continuing evolution of the circu-
lation. The rate of growth of the circulation is slowed or stopped by
surface drag. The sea breeze is usually inbedded in the synoptic scale
motion of the atnosphere which alters the differential heating pattern
and advects nonentumto nodify the circulation. Simlarly, synoptic
scale features of stable stratification linmt the altitude range over
which heat is diffused and effect the circulation dynamics.

The above properties have been included in a tine dependent, non-
linear, two-dinmensional numerical model which allows turbulent diffu-

sion of heat and nomentum to depend on the local velocity and tenperature



fields. T-he unique properties of the arctic sea breeze can be studi Zz?j
by the follow ng model which can be conveniently adjusted to sinmulate
experinental data or other possible relevant neteorological circum-

st ances.

32Coordi nate System and Donmmin of
Cover age

Figure 36 represents a right-handed coordinate system and the
domai n of coverage used in the nodel. The shoreline is straight and
parallel to the y-axis (+ y-axis points west) with no variation in the
sea breeze along this direction. The gx—-axis is normal to the shoreline
with the (+) axis pointing north. The gz-axis is + upward. This verti-
cal cross-section of the atnmosphere is bounded at the‘bottom by the
earth’s surface and at the top by z = H A variable horizontal grid has
values of = O 5 km + 10 km * 20 km, * 30 km, + 40 km * 50 km
+ 70 km * 90 km + 120 kmand + 150 km  The | ateral boundaries (run-
ning north and south) are x =+ D.  The magnitudes of H and D have been
chosen so that velocity and tenperature changes there are negligible.
The vertical distance is subdivided into the surface |ayer,

0 <z<h=25mand the transition layer, h < z< H =1 km where the

eddy fluxes decrease with elevation.

3.3 Surface Layer Equations

The wind velocity and tenperature profiles in the surface layer can
be expressed for stable conditions as [see Appendix B for derivations
of equations used in this section, and Estoque's (1961) sea breeze
paper for greater detail on the procedure that matches the surface

| ayer conditions at z = 2 to those of the transition layer at z=h+hz]):
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_ Hx% ( 2+ 2n \[
U= {ln =0 + 4'7;) {(3.01)
8, . _ ,+ =22 ’ .
8 = 84 + % In ——+ 4.,7¢ see endi x B 3.02
0 % " Tap , (see App ) (3.02)

1
where U = (u2 + 72)> 4

©
Hi

potential tenperature

The m xing coefficients are defined as

Z eddy viscosity = 13{'}_;;—?]; (3.03)

~
"

=
N
-

eddy thermal diffusion = Km

o
"

= Obhukov Length (see Appendix 3)

™
i

stability parameter =

[ e

1
o ¥ .
The friction velocity u, E!%] 2 can be written

k U(h+Az) (htzo) T 4. 7g(hr 2)[6(AHAZ) - ag] }
u, - e 1 = = (3.04)
g Az+(h+zg) 1n D | 8 U(h+dz)

L

rn
The scaling tenperature e*l‘éuq can be witten
*

6, = ”*[e(h(”; fi),) = %0l 4 4z = first level above (3.05)
“ = surface layer)

The nmomentum flux for the surface” layer at 2 is u,%, while the

sensi bl e heat flux is u,8,.

e Y, 7 7 J) - - i i ou — .
X(#n) where Xm(h) = Z (%) = X(h), on application of Xn FElh = u,?

can be witten
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-1
K(hY = w, k(htzg) {1 + ‘*—léi‘i’@)—} (3. 06)

The profiles for unstable conditions in the surface layer are:

U= 4z [1:1 gt2g _ wl} (3.07)
20

where V1 = 2 1n[(142)/2] + 1o[(1#2)/2] - 2 tan *(z) + I

1
and Xe— {1 - 15 —L‘?—] hy

0= .74 %’ {ln Ei:”-il-lpz}+eo (3.08)
20
— _ 3 1/2
where ¢, = In[(+y)/2], y = .74(1 - 9 E]

and 9g is the tenperature at 2 = O (after Paul son, 1970).

The m ssing coefficients are defined as:

1/4
Km=_u*kz 1 - 15 Ri (3.09)
1
. _u, k3 ) . \'h
’{h = —i————_m { 1 9 Ri } (3.10)
38
. . _ 02 _ '
Here R = Richardson nurrbe?— :—aﬂ—]z_and k = Von Karman's constant.
%2,

The formof the X's has been taken from Businger, et al, (1971),

with R = % for unstable conditions.

The friction velocity u, is witten as

ux = k(htaz) U{h+az)

4 h\r

(3.11)
1n 02 {Az(l—lS Ri)~ M + {-—- ——] l_(1-15 Ri) '“-1]
)

Uy =

45 Ri
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and the scaling temperature as

& (n+oz) [0 (MHAz) ~ 0p] A

U T £ Ao 7 N _l -2 1
1n[ﬁ“ HAZ[.M(I—Q R1) /2}+[.74 ——9-@—] [(1—9 Ri) b-ﬂ?
(

20

3.12)

Again, the monmentum flux for the surface “layer at & is u,2 while

the sensible heat flux is U,6,.

The momentum flux yields an expression for the eddy viscosity at

= U*Z P h 1/
Km(h) T'B—MI—L—] K M*U’H'Z.O){l -15 I } 4 (3.13)
[sz h

4

The sensible heat flux yields an expression for the eddy thernal diffu-

1

sion coefficient at #:

Y
0 h)’2
Kh(h) = y{-g—é-]— = k u*(h+20)(.74){l -9 E} (3 14)
93 h

These fluxes at % for the stable and unstable conditions are set
equal to the fluxes in the s#_< 2<% + Az layer by the following approx-

imation after Estoque (1963):

[ K(R)+K(h+Az) Uh+hz)-U(h) 7T _ dul _ s

L2 1] Az ] = [K_Bz}h = s (3.18)
K (h)+E(htAz) o(hraz)-o () | _ 36

T2 ][: Y = {Kg;];e*“* (3.16)

Equations (3.06) for the stable case and (3.13) and (3.14) for the
unstabl e case are conbined with (3.15) and (3.16) plus known val ues of

K%(h+Az}, Km(h+Ag) (given by a linear decrease with height fromzs = % to
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z = the boundary |ayer height), 8(k+iz) and U(ht+Az), (model input).

With these ye can solve for 5(n) and U(h). To obtain the wind conponents

a constant direction from 2 =% to 2 = htaAz is assuned, resulting in

w =, (ng) 2w (eb0z) (3.17)
v(h) % v (h+iz ) (Estoque, 1963) (3.18)

3.4 Upper Sublayer Equations
(transition layer)

The equations for the upper layer h < z < B can be derived using
the follow ng equations where each dependent variable is the sumof a
gi ven large scal e synoptic conponent (subscript L) and a disturbance

(prinmed quantity, due to sea breeze). Therefore, u=u +u’,v=uL+v’,

L
- '
6 = 6L+B etc.

3 (gt ) 3Gt ) putu ')
—_—+ 4+ (W W' y—— -
At LT sx L 3z
{3.19)
R(T_+T") 3(P +P") alw )
L L . ;oL B L
GE i A AL P S
3w+ 7) CELED ')
—_— { ! o+ 5 4’ W =
e T g’ o @t ' (3.20)
! D’ . (. +v ")
~ R(TL+T ) a(PL+ ) C flut) + 5 X ___L_____‘
T (PL+P') 3y s’ oz m 3z
4P - p!
(PL+P ) (PL+_ g (3.21)
2z .-?(TL+T’) '

) o' T d 3.22)
(PP (ot 81) R(ZHTY) (
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a(et+e') a(e,ts') a(eL+e')
P + (ot = + 5 L W S
o Guphae ') —3 w957
(3.23)
H
_ B [K 26100
33 ) h 93
4
Rle
N 1
=7 J (3.24)
a(ui+u’) a(wt+w')
dax s « (3.25)

2

tis time, x,y and z are spatial coordinates, and u, » and » are the
corresponding velocity conponents in these directions. 6, P, ps T, Pg,
g, > R and C? are potential tenperature, pressure, density, Kelvin tem—
perature, reference pressure, gravitational acceleration> Coriolis param
eter, gas constant, and specific heat at constant pressure. All vari-
ables are assumed constant in the y-direction, except that alarge-scale
pressure gradient may exist in the y-direction above the surface |ayer.
The eddy diffusivity terns start at a val ue equai to that at the top of
the lower layer, z = &k, and decrease to zero at the boundary |ayer top.
The full vertical nomentum equation is replaced by the hydrostatic ap-
proxi mation (Eq. 3.21) which is reasonable when the ratio of horizonta
to vertical grid lengths is > 3 (Physick, 1976, Neumann and Mhrer,
1975) . The ratio in the nodel is greater than 50 for all” Ilevels.

The continuity equation (3.25) is in the inconpressible form which
is acceptable when the atnmospheric notion (sea breeze rarely exceeds 2

km depth) are confined to a depth which is nuch less than the scal e of



density variation in the vertical (scale height

tions, although valid, cause a probl em when the vertica

ponent is conputed from Eq. 3.12. This is a first order
ential equation in z, Therefore, no unique solution can
since there are two boundary conditions, i.e., w = Ofor

z = H available for the vertica

8 km.

moti on (Sheih and Moroz, 1975).
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These assump-
vel ocity com
partial differ-
be obtai ned

2= 0 and

Si nce

in sea breeze studies (particularly the arctic) the flow field near the

ground is the inportant one; the integration wll

ground upward and only the | ower boundary condition used.

be performed fromthe

For
o auL BUL ] BSL _ U ) BDL _ BGL )
L > Bx dz dx Y 3y Ay ’
aPL _ PLg BuL . awL _ .
9z~ RI, ’ ¢ 9z
RT_ P RT. P
_L_L_ L "L __ ' i mat i
i fUL Py T fuL (geostrophic approxi mation)
L L
and
BuL BUL s6
" T T O (mesoscale < 24 hrs.)

the prediction equations for the sea breeze can be witten:

L1=uﬂuﬁv=ziuﬂ,6=efﬁ',mc”
wl gy (BTBPT B 3w Bl on
at P 3z 3z [ m 93] dx oz
v’ 3 au} sv ! ey
—— . ’ + i ———— — ——— ! —
at UL P [m oz) ~ ¥ o e

(note:

and (RTL/PL) VPL ~ {RT/P) vpL

(3. 26)

(3.27)
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(the mesoscale disturbance is assuned tonaeno y dependence)

P! -gP "L : :
— = =5 "RTL : (3.28)

30" _ 28’ , 28 3 98

S w2 B [Kh —-az) (3.29)
dw ! ou’

22 ox (3.30)

The Eqs. {3.26) to (3.30) are a set of equations which can be inte-
grated nunerically if the synoptic scale w nd and temﬁerature fields are
given. They are essentially the same as those used by Estoque (1962)
except that the expressions for Xm and Kh differ and the equation of
continuity isnot differentiated with respect to zasecond tine.

The eddy diffusivity terns of Estogue were defined for a stable
boundary layer and for a free convective boundary layer with no inter-
medi ate transition expressions for unstable conditions. Also, Estoque's
twice-differentiated inconmpressible formof the continuity equation does
not satisfy the law of conservation of mass (Peterson, 1970; Neumann and
Mahrer, 1971).

The prediction equations in finite-difference formare derived in

Appendi x A

3.5 Initial and Boundary Conditions

The external boundary conditions at the lateral extremties,

X =+ D are:
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a”;'{ (U, 7. 5'.8"°W = O (where D = 150 km

at the top, =z = H, are:

pl=u’=v"=7"=¢"=0 (excluding w’) (where # = 1050 km)

with vertical gradients and horizontal gradients of all variables except

pressure = O
and at the earth's surface, z = QO are:

u=v =w =0 (Note: to be nore precise, the conditions
u=v= 0 apply at 3=3;, the surface roughness
length, and are inplicit in development .of
the surface layer equations)

with all horizontal gradients except for pressure = O and

8 = 0{x,t) .

The initial conditions are »'"»'"T'"0O at £° 0300 while the
| arge-scal e velocity, tenperature, and pressure fields are specified
(see below) and held constant during the integration period.

The internal boundary conditions at z ~ 4 require continuity of the
wind velocity and tenperature and their respective fluxes. To insure
that fluxes in the surface layer are applied at z = h + Az (upper sub-
level), the fluxes in the layer fromz =hto 2 h + Az are set equal
to those in the surface layer (Az = 25 n). This nethod of matching

fluxes was seen in Egs. (3.15) and (3.16) above.
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3.6 The_Nunerical _Integration Procedure

The integration is performed in the upper layer (2 <z < H) only,
with the follow ng steps depending on surface |ayer conditions:

a. Using given initial values for T',uv and v’ at the lowest
gridpoint (z = % + Az) and the boundary value for tenperature at the
ground, the values of u', v, 8’, and K at z= h are conputed from

equations in section 3.3. Note: primes are the disturbance val ues

b. Conpute the pressure distribution (p') by integrating Eq.
(3.28) downward from z = H where p’ = O using given values of T',Zi

and PL.

3

¢c. Conpute the w' distribution using Eq. (3.30) and the given

initial ' distribution.

u! v! 3p’
3 ' 3¢ and 57

d. Conpute using Egs. (3.26), (3.27) and (3.29),
respectively.

e. These result in a new u’, v', and 8' (canbe converted to T),
depending on the tine interval of integration (2 to 5 minutes).

f. Repeat steps ato e until the desired time period is reached.

As nentioned above, the finite difference nethods are shown in
Appendi x A and are used in normal fashionexcept for bridging the 2 = %
to z = h+ Az layer. The following finite-difference analog (for the
vertical temperature diffusion ternm) has been suggested by Estoque
(973 - [eh+Az - ek} [ ae}

LR Bl gy

i{x 99—\ L 83 2 dz)h . : (3.31)

Az/2

wh er e
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” .
. [“;‘1+Az 4 (. 38
K = 5 and lxh oy
"% h
is the flux in the surface |ayer. The sane type anal og applies for the

u and v equations.

3.7 Input to the Mdel

The model starts at zero disturbance wind velocity at 0300 (August
arctic sunrise) and is driven by differential heating of the earth’'s
surface. Therefore, attention nust be given to the surface heating
function. Haurwitz (1947) nentions that the diurnal surface tenperature
curve follows a sinple harmonic function in daytine, but not at night
when nocturnal cooling precedes at adifferent rae As a result of
this characteristic, a sinple harnonic heating function is not satisfac-
tory over a 24-hour period. The forms of the diurnal tenperature func-
tions at various elevations in the air and various depths in the ground
have been delineated by XKuo (1968).

Air tenperature records from ccastal stations have limted use in
sea breeze work when used to obtain |and-sea tenperature differences
since advection of cold marine air by the breeze will alter the diurna
tenperature wave. Tenperatures obtained from Prudhee (15 kminland) and
Umiat (100 kminland) air fields (Stevenson screen tenperature - 1.3
neters above the ground) were utilized to obtain nore representative
| and-sea differences. Helicopter flights inland indicated nmninal tem
perature increases from30 kminland to Umiat (100 kn inland). This fac-
tor was used to shape the nodel tenperature function (see below) from

30 kmto 150 kminland. Walsh (1977) reported radiometric surface
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tenperatures near Pt. Barrow fromthe coast to 50 km*“inland for three
days in July 1975 (at 1500 ADST). He found the |and-sea tenperature
difference at the coast to average 12°C and inland surface tenperature
maxi ma from 16°C to 24°C. This information coupled with Kuo's (1968)
25°C maxi mum to mini mum range of surface tenperature was used to shape
the tenperature function fromthe coast to 30 kminl and.

The surface heating function for the above-nmentioned arctic condi-
tions with +x (northward) fromthe coast over the sea for 150 km and

-x (southward) fromthe coast over land for 150 km can be witten as

(tenperatures in Kelvin degrees)

T = 273 water X >0
T = 273 + .5 (25) (ARG) coastline x = O
T = 273. + 18 {ARG} X' -5 km

at 2 = 0 { (3.32)
T = 273. + 20 {ARG} land X = -10 km
T =273. + 24 {ARG} x = =20 km

| T = 273. + 25 {ARG} % < =30 km
wher e
ARG= .47 sin (15 t + 265) + .15 sin (30 ¢ + 102) + 539

+ .08 sin (45 t + 306) + .36

This is a tri-harmonic fit to Kuo's (1968) surface tenperature
plot modified for the arctic by keeping the tenperature over |and
> 273°K (greater than the ocean tenperature) for the entire 24-hour
period. The maximum tenperature contrast (between the sea and | and)

at the coast is 12.5 C at 1500 ADST and reaches 25°C at 30 km i nl and.
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»

The | arge-scal e tenperature field (from radiosonde data), held con-

[

stant during the integration. is represented by a linear increase in tem
perature from the surface (273°K) to 150 m (283°K) where it is iso-
thermal to 550 m  From 550 mon, the tenperature has a |apse rate of
.6°K/100 m  These values are the same for each horizontal level in the
model from +150 km to -150 km

The | arge-scale pressure field on O synoptic wi nd days is taken
fromtables of the U S. Standard Atnosphere (Berry, et al., 1945) to
level H= 1050 m On nodel runs with a geostrophic wind, a pressure
distribution is inposed at each vertical grid |evel which just bal ances
the given prevailing wind.

The surface roughness 2,is approximted by .00l mand .01 mfor

water and | and, respectively.

3.8 Additional Nunerical Techiques

A two-step danpening spatial filter is applied twice every 10 tine

steps of the form

+
X-AX X aX+AX}

e |
i

o + 1/4 o - 2a
x

(3.34)

2 |
fl
Q
N
N
Q|
+
ho
[

X X i [ x=-Ax X + O&X+Ax1
This method used by Physick (1976) sinulates the energy cascade from
the shortest wavel ength (2Ax) able to be resolved by the grid to sub-

grid scale waves where dissipation eventually occurs in the real atnos-

phere. Physick states that application of this filter ensures that the

energy of the shortwaves never becomes great enough to cause numerica

instabilities in the nodel while sinultaneously ensuring that |onger
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wave anplitudes are not reduced significantly. Work by Shapiro (1971)
has shown that this filter type can be used te act in place of an ex-
plicit horizontal diffusion term in numerical nodel equations and essen-
tially leaves waves of four grid-lengths or larger unaffected. The top
equation in (3.34) will act to danp ocut waves of two grid-lengths, but
will reduce the anplitude of four grid-length waves by .5. Since this
is not satisfactory, the bottomequation in (3.34) is used, which re-
stores anplitude to the waves greater than wogrid-1lengths (Francis,
1975) .

Two tinme step restrictions (Deardorff, 1973) arejchecked as the

model runs. The first in the linear advective instability criterion:

At < nlnlnun1{Ax/umaX, Ay/vm < Az/wm }

a ax

which is easily satisfied by At = 4 minutes since the nodel has a mini-
mum x of 5 kmand a nmininum =z of 100 neters while U never exceeds 10 m's

and » never exceeds 10 cnis. The second is the diffusive criterion

Az?
b < M4 = (where X is an eddy diffusivity)

For the range of K's encountered At nust be 120 seconds or less from
1200 to 1800 ADST, while changing to 300 seconds. for other tines when
is small. The latter criterion is the nbst sensitive for this mdel and
has resulted in the use of a variable Az for the nodel runs.
An additional feature of this nobdel is that a boundary |ayer height
is determned over |and and water after each integration at an appropriate
horizontal grid point. When paraneters fromany two vertical grid points

at a given horizontal distance from the coast ‘nave a conputed Richardson
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nunmber greater than 1, that level is considered the height of the plan-
etary boundary |ayer. The criterion in the case of this nodel is nore
restrictive than the one proposed by Anthes (1978), where he defines
the height of the planetary boundary layer as the first |evel above the
ground at which the vertical gradient of potential tenperature exceeds
1°C km 1. Physick {1976) defines Ri nunber = 1 as the height limt on
convective depth in his nodel for unstable conditions. It is nore
realistic than Estoque's (1961) nodel where he allows his boundary |ayer
to reach 2000 meters regardless of the stability at upper grid |evels,
and certainly a nmore reasonable nethod in the arctic.

In the case of this nodel the eddy diffusivities are reduced by
two orders of magnitude and held constant fromthe top of the boundary
| ayer to 1050 meters (H). For stable levels from# (25 meters) upward
(at given horizontal distances fromthe coast). the diffusivities are
linearly reduced from Z+4z to the corresponding variabl e boundary layer
height, while for unstable levels, the diffusivities are held constant
until the first stable level is reached and then are linearly reduced
fromthat level to the boundary layer top. In this way the % and Km
are specified as functions of wind shear and stability at all the nodel

levels within the planetary boundary layer.

3.9 Synopsis of Chapter 111

This chapter has covered the non-linear nunerical nodel setup,
i nposition of large-scale wind fields, techniques used to maintain
nunerical stability and fornulations of the eddy diffusivity tems

within the surface layer under dynamically stable and unstable
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at nospheric conditions. Thouch the nodel is an offshoot of Estoque's
(1961) original sea breeze work, there are some fundanmental differences.
Sone of these differences have been necessitated by inposing en-
vironmental peculiarities of the arctic on the model, such as the initial
| arge-scale tenperature field with a strong inversion. Thi s inversion
i's synonynous with atnospheric stability and internal waves. These
waves, if subgrid scale, could be a source of nunerical instability, so
application of a spatial filter was required. Also, the fact that the
| and tenperatures never fell below the ocean temperature in August |ed
to nodification of the heating function. .
Gt her differences were required to reproduce the basic physics
more accurately, The transition froma stable boundary |ayer to one of
free convection was replaced by a transition to an unstable boundary
| ayer instead, with a nore accurate expression for’]{h and Km Estoque's
(1961) doubly differentiated inconmpressible continuity equation was re-
placed by the normal form of the inconpressible continuity equation.
Still other modifications were made to simulate environnental con-
ditions nmore accurately, These were a tri-harmonic heating function
with a gradual increase in tenperature fromthe coast to 30 km inl and,
vari abl e roughness lengths (z) for land (.01 nj) and water (.001 m) and
vari abl e boundary |ayer heights (conputed after each model time step).
The variable time step was used to pronote nunerical stability
(shortened to 2 mnutes) during maxi num surface heating and for reasons

of econony during nore stable periods (increased to 5 minutes) in the

early norning.



V.  MODEL RESULTS

4.1 Zero Geostrophic Wind (Case 1),
Vel ocity and Tenperature Contours

The results of the nodel integration are first presented for the
i deal case of zero geostrophic wind (Figures 37-40) to show sone of the
basic characteristics of the sea breeze nodel output for the arctic en-
vi ronnent . Prior to 1500, the disturbance wi nds were very weak, so the
nmodel output was not put in graphical form Note: Al nodel output is
shown wWith a variable linear horizontal distance scale.

Figure 37 represents isotachs (contours of constant velocity) for
u, the wind conponent normal to the shoreline (- represents shoraward
flow . The maxi mum u conmponent (greater than 3 nm’s) occurs by 1800 at
20-25 km inland near the isotach core. There is weak return flow of
.5 ms above 350 m | evel existing to 1050 neters. Figure 38 shows
(cross-section) isotachs of V, the parallel to the coast velocity com
ponent with + values representing easterly winds and - values westerly
winds. Again, a maxi mum isoline core (greater than 2 nm's) is seen to
exi st 20-25 kminland at 1800 hours. The core strength dimnishes for
both uwand v conponents by2200andthewinds die downbymidnight
(0000), the start of the next day. Positive values of v in regions of
-u and vice versa, show the extent of clockw se rotation exhibited by
the wind vector with time, The rotation rate from 1200 t 2200was

4°/hr (see Chapter V for discussion of roratiom rates).
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The v velocity is a paranmeter which has not been measured in the
field but is shown in the nodel results to give a qualitative picture
of the strength of the vertical circulation and to indicate the exis-
tence of a sea breeze front (usually | ocated by the position of the up-
ward maxi num w contour). Figure 39 shows the upward flow nmaxinum at
1500t 0 be 25 km inland while at 1800 it is 50 kminland. For this case
it is also the 2 nm's countour | ocation for the u and » conponents.

Using the upward flow maxinum as an indicator of a possible front posi-
tion, the rate of frontal advance under these O synoptic wind conditions
i s apprxoimately 8 km/hr. This conpares favorably vx,i;th that of Simpson
(1964) who neasured a frontal advance of 7.2 km/hr on the coastline of
the English Channel and Rossi (1957) who neasured a frontal advance of.
6km/hr in the Qulf of Finland (60°N).

The tenperature (*C) contours (Figure 40) show a surface-based
inversion |ayer existing over the water throughout the integration per-
iod of the nodel (as radicsonde data show). The above land tenperature
contours indicate a change from slight static instability at 1500,
through neutral by 1800 to establishment of the inversion over both [and
and water by midnight (0000).

4.2 Geostrophic Wnd 270°T, at 3 m's and

5 ms (Case 2a and 2b), Velocity and
Tenperature Contours

Typi cal gradient wind directions are fromthe east. or west, thus
the nodel used 3 m/s and 5 m's large-scale winds from these directions
as new input with all other initial conditions the sane. The coastline

orientation from O0liktok t0 Prudhoe Bay, which subtends an angle of 115°
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cl ockwi se fromthe north instead of a true east-west orientation of 90°,
was incorporated into the nodel. The 3 m's cases were chosen to | ook at
breeze devel opnent in noderately weak synoptic wind conditions while the
5 nm's cases were chosen to determne if sea breeze circulation could
progress when the | arge-scale winds were of conparabl e magnitude.

Figures 41-45 were for the cases of geostrophic winds from 270°T
at (a)3m's and (b) 5 nm's, respectively. The total velocity vectors
(U+ u'etc.) in the u (| coast flow, 111/s) - » (vertical flow, cnis)
pl ane are depicted in Figures 4ia and 41b. The circulation pattern in
both figures can be seen to progress inland fromthe coast and decay

.

with time (slower decay in the 5 m's case). The u conponent flowis
shoreward below 200 min the sea breeze area while seaward above. The
return flow is mainly due to the existence of a u conponent (southerly)
of the geostrophic wind relative to the coastline orientation. The
figures 42a and 42b represent isotachs of u for 3 nls and 5 m/s geo-
strophic winds, respectively. The planetary boundary |ayer (PBL) height
(determ nedly a procedure described in Section 3.4 above) reaches 750
meters over |land by 1700 hours while falling within the surface-based
inversion |layer over water in both figures. The nmaxi mum u conponent
(greater than 3 m's) occurs at the coast for the higher speed synoptic
case. The lower speed synoptic case results in a slightly lower u maxi-
mum devel oping 5 km onshore. The maxi mum vel ocity core doesn't nove
inland at the speed shown in Case 1 (above), while the u conponent near

the surface beconmes negligible due to interaction of the breeze and the

synoptic w nd.
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Figures 43a and 43b depict isotachs of ». In these cases the naxi-
mum isotach core doasn’ t progress inland as far or as fast as in Case 1.
The increased core strength (higher geostrophic wind - Figure 35c)
represents augnmented cl ockwi se turning of the total wi nd vector at the
surface.

The w velocity contours (44a and 44b) show an increased verti cal
circulation over land (5 m's geostrophic wind) and 20 km |l ess inland
penetration of the upward flow maxi num when conpared to Case 1.

The tenperature contours (“C) shown in Figures 45a and 45b show a
surface-based inversion |ayer existing over water from 1500 to 1900 but
stronger vertical circulation (sinking) and offshore advection ,(5 nis
geostrophic wind has a |arger -+« conponent than the 3 n/s geostrophic
wind) produce a stronger inversion in 45b.

The disturbance velocity (at 1500), V' = (u'2 + 3'2)172 is greater
than Case 1 by 15% and 40% for the 3 mls and 5 nm's geostrophic vel oci -
ties, respectively,

4 3 Geostrophic Wnd 220°T, at 3 nis and

5 ms (Case 3a and 3b), Velocity and
Tenperature Contours

The interesting aspect of Case 2 was the offshore component of the
geostrophic wind relative to the actual coastline orientation. The
follow ng cases shown in Figures 46-50 were chosen to be representative
of large-scale wind directions and vel ocities neasured during pilot
bal | oon ascents and inferred from cal cul ated gecstrophic winds.. This
particular direction is one that almst directly opposes sea breeze sur-

face wind direction,
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V(v + V') for a 3 nml's geostrophic wind from 220°T.

Designations are the sane as Figure 44.
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of

V(v + V') for a 5 m's geostrophic wind from 220°T.
Designations are the sane as Figure 43.
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Fizures 46a and 46b depict the total «-w plane velocity vectors.
The circulation pattern in both figures decays with tine but unlike
Case 2 progress inland is alnbst non-existent. Again, return flow aloft
is predominantly due to the southerly geostrophic wWind conponent. The
surface flow in the 5mscase is from land to sea by 1900.

Isotachs of total u (Figures 47a and 47b) are shown, for 3ms and

5 m's geostrophic w nds, respectively, and the PBL heights are super-
inposed. Again, the boundary |ayer height over land increases and
reaches 650 meters by 1700 while dropping within the surface-based inver-
sion layer over water (both figures) as in Case 2. Tpe isotach core due
to the sea breeze and synoptic wi nd combination remains relatively sta-
tionary, with offshore domi nance, for both the 3 mis and 5 m's large~
scale wind inputs. In these cases little evidence of a sea breeze would
woul d be seen inland beyond 10 kmand from 10 kminland to the coast’
extrenely light or null surface winds would exist.

Figures 48a and 48b show that the isotach core of total p (maxinmum
remains relatively stationary and just offshore. The increased core
strength (with time) represents augnented cl ockwi se turning of the total
wi nd vector (see Chapter V). This results in flow parallel to the «coast
since the u conponent is small by 1900.

The w velocity contours (Figures 49a and 49b) show slightly stronger
vertical circulation than Case 2. The inland penetration of the upward
fl ow maxi numis approximately 10 km. The opposing large-scale wind has
effectively stalled the breeze advance.

The tenperature contours (“C, Figures 50a and 50b) again show a

surface-based inversion |ayer over water from 1500 to 1900 with the 12°
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and 14° isotherm moving seaward with tinme due to horizontal tenperature
advection by the geostrophic wind.

The di sturbance velocity V' (at 1500) is greater than Case 1 by 45%
and 65% for the 3 ms and 5 m's goestrophic velocities, respectively.
4.4 Geostrophic W nd 090°T, at 3 mls and

5 ms (Case 4a and 4b), Velocity
and Tenperature Contours

Figures 51a and 51b show the total u-Wplane velocity vectors. The
circulation pattern for both figures shows reduced vertical notion which
decays rapidly by 1900. The pattern center appears 10 km inland by
1500. These features aein contrast with Case 2 which has shown
stronger vertical circulation and retarded inland advancenent. Net hori -
zontal flow aloft is again controlled by the shoreward conponent of the
geostropglic wi nd.

Isotachs of total u (Figures 52a and 52b) are shown for 3 m's and
5 m's geostrophic wi nds, respectively, With the PBL hei ghts superinposed.
The lower |evel of the PBL over water is nmintained but is extended 10
km inland by 1900 in both figures. The contours are simlar for both
geostrophic velocities with isotach cores appearing seaward (O5 km
stationary) near the nmexinum | and—sea tenperature contrast and one inland
(non-stationary, noving inland 30 km). The inland novenent is augnented
by a shoreward conponent (due to coastline orientation) of the geostro-
phic w nd

Figures 53a and 53b both show isotachs of total ¥ (V. + V') with
stationary cores offshore (5 kn). An increased effect also appears 50 km

inland by 1900. In this case the velocities over water do not show

P
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of V(Vy, + V") fcr a 5 m's geostrophic wind from

090"

T.

(Vari abl e horizontal scale.)

Designations are the sane as Figure 43.
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appreci abl e increases with time, Which denotes retarded turning of the
total surface wind vector (see Chapter “V).

The w velocity contours (Figures 54a and 54b) show weaker vertical
circulation than Case 2 with inland penetration of the weak upward flow
maxi mum near 50 km A well-defined front probably does not exist and
woul d be masked by the |arge-scale circulation. The shoreward geostro-
phic wind conmponent has increased the inland movement of the weak circu-

[ ation.

The tenperature contours (“C, Figures 55a and 55b) show a surface-
based inversion |ayer over water with a change from a‘super adi abatic
| apse rate to an adiabatic |apse rate over land from 1500 to 1900. Hori -
zontal tenperature advection i s responsible for the position of the 12°
i sot herm whi ch moves inland with tinmne.

The di sturbance velocity V' is less than Case 1 by 30% and 50% f or
the 3 ms and 5 m/s geostrophic velocity cases, respectively.
4.5 Geostrophic Wnd 040°T, at 3 m's and

5 ms (Case 5a and 5b), Velocity
and Tenperature Contours

This is the opposite situation of Case 3 and is a direction sinilar
to what the sea breeze surface wind woul d assune near nmaxi numintensity

on |low synoptic w nd days.

Figures 56a and 56b illustrate the total u-w plane velocity vectors.
The sea breeze influenced circulation pattern is the weakest of all five
cases and decays rapidly by 1900. Flow aloft is controlled by the

northerly geostrophic wind conponent.
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Isotachs of total . (Figures 57a and 57b) are shown for 3 nm's and
5 m/s goestrophic Wi nds. respectively, wih PBL heights superinposed.
Agai n. the boundary layer height is greater over |land but the inversion
i nfluence appears farther inland due to low | evel advection of cold air.
The appearance of isotach cores at 5-10 km seaward (stationary) and up
to 50 kminland (noving) can be seen in both geostrophic wi nd cases.
The inland novenent is greater than Case 4 due to the larger northerly
conponent of the geostrophic wi nds.

Fi gures 58a and 58b both show isotachs of total v. Stationary
cores of V can be seen offshore in the 3 mls and 5 nm's geostrophic wi nd
case only, while a core appears in both |arge-scale w nd cases by 1900
at 50 kminland. The at-sea clockw se turning of the surface wi nd vec-
tor is minimal from 1500 to 1900 since v renains relatively constant.

Fi gures 59a and 59b show linmted vertical circulation of .5 cm's or
less. A measurable front would be hard to |ocate.

The tenperature contours (“C, Figures 60a and 60b) show an inver-

sion layer over water noving inland up to 10 kmwith a super adiabatic
| apse rate at 1500 changing to a stable |apse rate by 1900 at distances
greater than 20 km inland.

The disturbance velocity V' is less than Case 1 by 100% and 300%

for the 3 mls and 5 m's geostrophic velocity cases, respectively.

4.6 Surface Wnd Vectors for Cases 2-5

Model generated surface wind vectors corresponding to Cases 2-5

above are shown in Figures 61-64 for geostrophic winds of (a) 3 mls and

(b) 5 m's at”270°T, 220"T, 090°T and 040"T, respectively,
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a. Case 2.3 and 2b

The sucrface wind vectors (Figures 6la and 61b) exhibit cl ockw se
turning at nodel positions = 30 kmfromthe coast. Limted effect can
be seen at 50 kmfrom the coast and 30km i nland (Figure 61b, Vg=5m,/s).
This type of turning is also seen in the real data from 7 August 1977
(Figure 30) and 19 August 1977 (Figure 34) when geostrophic W nds were
from270° + 10°T.  On August 19, the breeze effect did not reach the
20 kminland station until later than 1500 while the nmpbdel showed the

breeze reaching the 30 kmposition by 1700 for the 3 nmfs case.

h. Case 3a and 3b .

The nodel surface wind vectors (.Figures 62a and 62b) exhibit clock-
W se turning fromthe coast to30km atseawhere the sea breeze is
stalled. Little effect is seen at 50 km of fshore while inland 20 km
a counterclockwi se turning exists by 1700 when the sea breeze approaches
and switches to clockwi se turning afterward. August 17, 1976 (Figure
28) and August 15, 1977 (Figure 32) represent real sea breeze days when
t he geostrophic wi nd averaged 220°T. Countercl ockwi se turning can be

seen from 1200 to 1500 as the sea breeze sets up 15 kminland then clock-

W se turning occurs afterward.

¢c. Case 4a and Case 4b

Mnimal turning with tine is seen in Figures 63a and 63b “for a
090°T geostrophic wind. The same thing can be seen in real data from
14 August 1977 (Figure 31) after 1800 when the geostrophic wind was from
090°T (see Chapter V). The surface wind vectors (nodel) “appear to have

magni tudes slightly larger than the geostrophic winds aloft fromthe
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5kmseaward (from the coast) to the inland stations.

a. Case 5a and case s

The surface wind (nodel) manifestations (Figure 64) are simlar to
the 090°T output with little turning and slight increase in the surface
velocity magnitudes from5 km seaward of the coast to 30 kminl and.

These increases were exhibited in the isotach cores of ux and » for the

corresponding cases listed above (Section 4.5)..

4.7 Simulated Pilot Balloon Data for Cases
2-5 (5 km seaward of the coast}

Plots of wind velocity versus height corresponding to Cases .2-5
above are shown in Figures 65-6S for geostrophic winds of (a) 3m's and

(b) 5 ms at 270°T, 220°T, 090°T and 040°T, respectively.

a. Case 2a and Case 2b

The wind speed (nodel) profiles (Figures 65a and 65b) show a velo-
city decrease at the inversion layer top (ILT) which is coincident with
the layer of maximumw nd direction change. The i500 profiles show a
veering (clockwi se turning with height) to 250 m A cl ockwi se turning
with tine (80° in 3.5 hours) is exhibited by the surface wind vector.
Pilot ballcon data indicating geostrophic winds from 270° On August 7,
1977 (Figure 13b) shows veering with height of 200° (up to 250 m) and
August 19, 1977 (Figure 21) shows backing with height of 140°T (up to
250 m) which are conparable to the turning produced by the nodel. The
real data al so show surface clockwi se turning with tine (80° in 4 hours).
Both the 3 mls and 5 nm's geostrophic wind velocity cases (nodel) show a

slight increase above their respective velocities (bowing out) in the
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upper |evel winds From 400 mand 700 m  This is attributable to the
coastline orientation and weak sea breecze return flow aloft (.5 ms)

adding to the geostrophic wind vector.

b. Case 2a and Case 3b

The wind speed (nodel) profiles (Figures 66a and 66b) al so show a
vel ocity decrease at the ILT which again is coincident with the |ayer of
most Wi nd directional change, Both nodel sets (3 ms and 5 nf's output)
show a veering up to 250 mwhich is conparable to real pilot balloon
data from August 15, 1977 {Figure 17b). A very slight bowi ng out of the
upper level winds (nodel) again can be attributed to :the sea breeze re-
turn flow. The clockwi se turning with time appears in the real data
(70° in four hours) and the nodel (60° in four hours) at conparable

rates.

¢c. Case 4a and Case 4b

The wind direction (nmodel) profiles (Figures 67a and 67b) show a
normal veering up to 250m. The wi nd speed profiles denote the presence
of a sea breeze by exhibiting a wind speed increase within the boundary
| ayer (below the ILT) instead of a normal decrease in w nd speed. This
speed increase within the boundary layer is seen in real data from
August 14, 1977 (Figure 15b) and August 17, 1977 (Figure 19b). A slight
speed decrease in the upper level winds from 400 mto 800 m (bowing in),
bel ow that of the geostrophic speed, is’ attributed to weak opposing re-
turn flow aloft generated by the seabreeze return circulation. The
turning of the surface wind vector with time is negligible both in the

model and from the real data for geostrophic winds from approximately 090°T.
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d. Case ba and Case 5b

The wind speed (nodel) profiles (Figures 68a and 68b) show a slight
i ncrease over the geostrophic winds aloft as in the 90°T cases above.
The3nm's case shows a slight backing up to 250 mas the sea breeze
ef fect influences the surface vector by turning it clockwise. The
5 ms case indicates that the sea breeze is not strong enough to influ-
ence the surface direction (only the speed). There were no exanples of

real data with geostrophic wind directions simlar to this case,

4.8 Synopsis of Chapter IV

Fi ve cases of sea breeze circulation were modeled for various |arge-
scalewi nd conditions. The zero geostrophic case was used as a basis
for conparison with four cases of geostrophic wi nds from 270°T, 220°T,
090°T, and 040°T at 3 m's and 5 m's, respectively. Sinmulated surface
wi nd vector turning and sinulated pilot balloon data (5 km seaward from
the coast) were exami ned for the four existing geostrophic wind cases.
The latter nodel sinulated vertical w nd speed and direction profiles
fat a distance 5 km seaward of the coast (Pingok Island)] compare
favorably with the actual pilot balloon derived wi nd speed and direction
data taken on Pingok Island for gesotrophie winds of 220°T (Figures 66
and 17b), 270°T (Figures 65 and 21b) and 090°T (Figures 67, 15b and 19b).
The nodel showed an average increase in the boundary |ayer height
over land of 400 m(froman initial |evel of 200 mat 0300) by 1700
while the inversion layer top remained relatively stationary over water
averaging 200 m. This output agreed with the radiosonde data fromPingok

sl and (August 1977) and the Deadhorse acoustic sounder data (August
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1976, see Figure 35).

The stalling of the sea breeze front near the coast with augmenta-—
tion of the sea breeze disturbance circulation, when the geostrophic
wi nd had aan of fshore component, was exhibited by the nodel. Confirmation
of this was seen in real data of surface wind velocity vectors where
inland effects at 30kmnever occurred or were mininml, while coastal
surface winds were larger in magnitude and exhibited clockw se turning.

The nodel’s surface wind vector rotation rates, pilot balloon
simulations with backing and veering up the the inversion height, and
the increase in wind speed within the boundary layer under a follow ng
geostrophic wind were all exhibited and matched in the real data.

This study has relied heavily on nmodel output to fill in observa-
tional data gaps which are characteristic of nmost mescscale studies.
Data from beyond 20 km seaward or 20 km to 100 km inland are niniml and
no vertical wind velocity or tenperature soundings were obtained.
Therefore, a detailed vertical sounding network seaward and landward
fromthe coast does not exist to confirmthe model output for Figures
33-41. This output, though mainly qualitative, does give theoretica
evi dence and reasons for the actual -wind and tenperature observations
made at the 10 meter | evel and for the vertical sounding observations
as seen in the pibal and radi osone data taken within 20 km of the coast
(seaward and | andward).

Model weaknesses are:

1. Lack of a theoretical schenme to represent the surface |ayer
temperature and velocity profiles accurately under cases of extreme

at nospheric stability such as during the early norning and |ate evening.
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2. Using a relatively coarse horizontal grid (5 km nini num spac-
ing) which linits thea representation of the sea breeze front in the hori-
zontal and vertical velocity fields

3. Use of the inconpressible formof the continuity equation to
calculate »' which allows for the inposition of only one boundary condi-
tion (w’= O at the surface) and linmts the accuracy of the » field as
2 increases.

4, Use of a tri-sinusoidal heating function to drive the node
rather than a surface heat bal ance equation.

5. Lack of a procedure to adjust the height' of the surface |ayer
as the boundary |ayer height changes

6. Use of the approximation, that changes of the sea breeze vel o-

city and tenperature do not exist parallel to the coast.



V. THE PHYSI CAL FACTORS WH CH CHARACTERI ZE

THE ARCTI C SEA BREEZE

5.1 Zero (0) Geostrophic W nd

The fact that the Coriolis parameter for 71°N is 37% greater than
that for md-latitudes and the fact that the summer sea breeze along the
Al askan arctic coast is not followed by a lind breeze would result in a
greater clockw se rotation of the breeze surface wind vector with time
inonly the 0° to 90° T quadrant for zero geostrophic, wind conditions.
Though an idealized case, this can be thought of as partial explanation
for the persistence of winds from the northeast quadrant seen in August
historical data taken near the experinental data site.

The sea breeze's initial driving nechani sm depends on a horizontal
pressure gradient force alaft in response to & surface horizontal tem
perature contrast. The arctic breeze initially faces a strong ground-
based i nversion which inplies extreme stability and small eddy thernal
diffusivity (Kh). This factor linits the vertical exteant of the circul a-
tion to 1000 neters (depth of landward flow | ess than 400 neters) and
the w velocities (nodel) to less than 50% of those in mid-latitude
models. This asoinplies that sea breeze fronts (if they exist at all)
characterized by +w maxi ma and large horizontal gradients of u, v, and
g will be weaker in the arctic. The initial conditions faced by the
arctic breeze are simlar to those encountered by nmid-latitude |and
breezes. Pearson (1975) and Mak and WAl sh (1976) maintain that given

equal horizontal tenperature gradients, land breeezes will still be
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weaker than sea breezes due to stable stratification and small eddy
diffusion coefficients.
In contrast to md-latitude |and breezes, the arctic sea breeze has
a much larger sea-land tenperature difference (12°C-14°C at the coast)
whi ch reaches 25°C at 30 kminland, and exists during a solar heating
cycle, which partly conpensates for the above nmitigating factors.
The factors discussed in the O geostrophic case apply to the non-
zero cases also, However, factors such as relative strength, rotation,
rotation rate, frontal existence, and frontal advancenent are largely
functions of the degree of interaction with prevailing |arge-scale

Wi nds.

521 ntensity, Fronts and Frontal Advancenent

Schmidt (1947) statesthat the sea breeze is nost striking when
noderate of fshore notion of the geostrophic wind exists. Defant (1951)
expl ai ned that offshore winds aid in nass transfer seaward and that par-
ticularly strong breezes occur on coasts with cold ocean currents nearby.
The offshore winds retard the shereward novenment of the breeze and cause
a cold front type system which Defant | abels as “sea breezes of the
second kind.” Fisher (1960)f ound that early norning offshore winds
advected warm air fromland out over the ocean to start the sea breeze
of fshore instead of near the coast. ©Estoque(l1961) also notes that when
the large-scale wind is fromland to sea, the sea breeze devel ops atsea
and advances nore slowly landward. reaching the coast nuch later in the
afternoon. acting like a front with a characteristic wind shift.

Estoque's nodel (1962) showed that the strongest vertical notions occur
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in cases of no geostrophic wWind, wnds from270°T and from 180°T {of f-
shore) . The weakest vertical notions occurred when geostrophic W nds
were from 0°T or 90°T. Again, this was a quantitative way of show ng
that the geostrophic wind field effects ‘the devel opnent of the mesoscale
pressure field by preventing excessive heating or cooling over the |and,
which in turn increases or decreases the breeze circulation.

Thi s nmodel denpnstrates the above effects when the zero geostrophic
wi nd (Section 4.1), 270°T geostrophic wind (Section 4.2) and the 220°T
geostrophic wind (Section 4.3) sea breeze cases are conpared. The 220°T
case has the slowest frontal movement, farthest seaward net unax core,
largest magnitude of |g§— and %% (landward side of velocity cores) and
the greatest |and-sea thermal difference of the three nmentioned sea
breeze cases. The nodel cases of geostrophic winds with onshore conpon-
ents 090°T (Section 4.4) and 040°T (Section 4.5) show nothing resenbling
a front during the 1500 to 1900 tine period, and show reduced tenpera-
ture and velocity gradients.

The nunerical method used in this study retained the non-linear ad-
vective terns which allowed for exam nation of the feedback effect of
the wind field on itself and the effect of the flow on the tenperature
field. Fi sher’s nodel (1961) while also having this feature, did not
use a time varying X (varied in vertical only). Therefore, the onset
times of increased vertical circulation and maxi mum horizontal flow vel-
ocities are reduced due to application of a conparatively |arge eddy
thernmal diffusity in the nore stable early norning hours. The evening
effects on the | and breeze casued by reduction of X and adecreasing

boundary | ayer height would al so not be exhibited (Fisher’'s model becane
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unstable after 1900 LT). Estogque's (1962) nodel |ooked at the same
processes, but never combined the nonzero geostrophic cases with the
i nversion situation and never quantified the frontal advancenent rates
or vertical circul ation strengths.

While a geostrophic wind with a weak offshore conponent has been
seen to cause an increased sea breeze circulation (see Sections 4.2 and
43and the above references), the resultant disturbance terms tend to
reduce the large-scale wind influences. These nonlinear self-advective
terns (sea breeze Eqs. 3.26, 3.27 and 3.28) acttoprevent the net “ax

core from being continually advected seaward in time by the geostrophic

wind (see Section 4.3 and Walsh, 1974); dinminish the magnitude of the

3u

Ev and

g%w terms on the [andward side of the disturbance core; reduce
the vertical velocities (required by mass continuity), and decrease the
the mal difference between land and sea. In the case of a geostrophic
wi nd with an onshore conponent, the nonlinear self-advection terns
(much reduced in magnitude), do not counteract but augnent the large-
scale wind effects and together they tend to suppress ‘the sea breeze

di sturbance circulation (see Sections 4.4 and 4.5).

The August 7, 1977, data showed evi dence (Figure 30) of stalling of
the sea breeze “front” at sea until later than 1500 ADST, where the in-
shore stations began to be affected. The August 15, 1977, data (Figure
32) is evidence of limted inland influence of the breeze. It should be
noted that for the Beaufort Coast in the Study area, a270°T geostrophic
wind will have an offshore conmponent relative to the coastline orienta-
tion. The exanple of sea breeze days shown in the data, for the nost

part, are those where the geostrophic Wi nd has a seaward conponent.
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Theradiosonde data exhibit an intense inversion over the water
during the sea breeze day. Adiabatic warming due to downward circula-
tion will act to maintain a stable thermal stratification

The model's increase with time of the depth of onshore flow from
0300 to 1500 agrees qual itatively with Fisher’'s observations (1960) and
the August 1976 accustic sounder data (Figure 35), since under weak
geostrophic winds the return flow occurs above the PEL.

Walsh's (1974) study involving both a linear and nonlinear node
that exhi bited sone of the characteristics nentioned above, was unable
to handle a |and-sea tenperature difference greater than 9°C and util-
ized a constant X. His sea breeze occurrence criterion (see Chapter 1)
was devel oped fromthe linear model with X = 10 m2/sec and was based on
the assunption that the maxi mum di sturbance velocity will be found at
the coastline. Unlike Walsh's model results, this model shows that the
di sturbance velocity increases when the opposing geostrophic wind is
increased from Onls to3ms to 5 ms (see Section 4.2 and 4.3). The
net surface velocity near the coast still exhibits sea breeze effects
The nodel results (Vg =5 ms, Section 4.3) plus data from 15 August
1977 (Figure 17 and Figure 32) indicate that % may be as large as 6 m's
and still show a sea breeze inland. The sea breeze criterion of Walsh
would limt Vbto 45m's or less for land-sea tenperature difference
of 14°C (at the coast). It is felt that criterion of Walsh underesti -
mat es the opposing V,due to his use of a constant X linear model.

A S0, the sea breeze ooy COTE is di splaced shoreward by the nonlinear
self-advection effects in opposition to the VG advection of fshore and

nmust result in a larger net velocity shoreward at the coast.
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5.3 Rotat ion and Rotation Rates

The rotation of surface wind vectors under the influence of land
and sea breezes has been shown by Haurwitz (1947) to be prinarily due to
Coriolis forces. In the case of a weak synoptic wind, a conplete 360°
turning of the surface wind vector can take place in a diurnal cycle.
The surface winds on t’ ne Beaufort Coast cannot exhibit 360° (under O
synoptic Wind conditions) turning, since the land remins warmer than
the water during the short arctic night. For the study area, a wnd
direction from 25°T to 115°T would be the nobst predom nant quadrant of
i nfluence due to the coastline orientation and the thermally induced
mesoscale pressure gradient.

(bservations by Defant (1951) and Neumann (1977) indicate that the
rate of sea breeze turning is not uniform  The directional change from
1400 LST to 1700 LST during the breeze velocity maxinmum is |ess than
that between 0800 and 1100. while turning is nore 'rapid between 2000
and 2300.

Neurmann (1977) devel oped an expression for the rate of turning of
a land-sea breeze. He used a coordinate systemand notation similar to
this nodel. Letting 3 = arctan —3 with o measured as the angle between the
positive x-axis (north) and the wi nd, Neumann wrote ‘he %% in standard

form and substituted Egs. (3.19) and (3.20). Assum ng that

, N ’
y 2 Ka)[:v—a——[K-%}

EE: 33 EE:

o

da Ja
3t v

ox 35

) . |
=fr= s —é—m— e, F ) |- (5.01)
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where Pnlz mesoscale pressure gradient

# = geostrephic conmponent perpendicular to the coast

g
vg = geostrophic conponent parallel to the ceoast
f = Coriolis paraneter

V2 = y2 + p2?

u =

ug + um, m denotes mesoscale

v =7 + vm m denot es mesoscale
g

The second to last termis negligible except in the vicinity of a
sea breeze front (Neumann and iahrer, 1971) and the last termis usu-
ally negligible. For the Beaufort Coast, both modei output and actual
data show changes in o of 120° in 100 (vertical) nmeters (on days with
of fshore gradi ent winds), but lw Ba/azl i s still one order of magni-
tude | ess thanffor Wyvelocities of .1 cm/sec (nodel) near the sur-
face.

The followi ng discussion of terms in Eq. (5.01) is adapted from
Neunman (1977).  Since —g% is an angular velocity representing a rota-
tion about the local vertical. the terns on the right nust be of the
sane form The first termis a constant equal to twice the earth’s
rotation rate about the local vertical. Therefore, the other terns
must be responsible for the variation in observed rotation rates. The

next termis the mesoscale termand is the scalar form of the cross

1 19P oA . o N
product of 7 {(pV?) 1[—53] and vV =iu +j5p where ¢ and j are unit
vectors in the x arid y directions. In a normal | and-sea breeze situa-

tion its magnitude and direction vary diurnally. The' third termin

Eq. (5.01) is large-scale and can be rewitten as
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It is the scalar formof the cross product of the two horizontal vec-

[*J[WW-"EII””7

This term will vary in time even in the case of a constant |arge-scale

tors

pressure gradient,

For the case of ug = O, (5.01) cart be approximted by

3P aF
¢ _ ., U m L
9t f V2 Py + 3 (5.02)

Using a coordinate systemfor the arctic coast (as in this-paper) the

mesoscale pressure gradi ent which causes the sea breeze would al ways
oF

be +. For an easterly Vg, would be + to further reduce any clock-

3x
W se turning. A westerly vg woul d enhance the clockw se rotation rate

dP.
since L woul d be (-). This effect has been shown in the nodel in

ox
Chapter 1V Sections 4.6 and 4.7 for a westerly vg (Case 2), and an
easterly ug (Case 4). The actual data in Chapter II, Figures 21 and 13,
show the westerly Vg case while Figure 15 shows the easterly v8 case.
If the mesoscale pressure gradient is equal to and opposite the |arge-

scale, the rotation rate is -f.

For vg O Eg. (5.01) can be witten

ar oF.
da ., 1 [ m L }
3t = -J T oV2 l v "é—x- = U *a!'j—‘ J{ (5 03)
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For the arctic cnast, the mescscale term is +, as above. If U is

3P
L . .
(-) and 5~ is (-) [offshore geostrophic flow the clockw se rotation

3t

i s enhanced. If %&is (+) (onshore geostrophic flew) and u is (=),
cl ockwi se rotation is reduced further since the mesoscale term al ways
acts to dimnish clockwise rotation. This is seen in the nodel results
for Chapter IV in Sections 4.6 [ugoffshore, Case 3: ug onshore, Case
5}. The actual data show the rapid rotation in Figure 17b [ug offshore,
coastline orientation included].

The case v and u_ = O was tested against the nodel output only

(5 km atsea), since it is a rare occurrence in nature. Eq. (5.01)

would be rewitten as

da 1 U BPm

Since the pressure gradient created by the sea-land termal contrast is
aP

(+) (negative -53—;]—1 doesn’t exist zlong the Beaufort Coast in summer) and

the resultant easterly v is (+), the mesoscale termis always +, which

means that 2% will be smaller than |f] or the sea breeze rotation will

ot
be decreased. Not e: —g—% = -~ frepresents one conplete clockw se rotation
in 12.7 hours (the inertial period), or 280/hour. The nodel showed a
surface wind clockw se rotation rate of 5.5°/hr from 1000 to 1200,while
cal cul ating %‘;— from nodel out put (Eq,S.Oa)usir?gm—aé—,v,andVZ re-

sulted in a rate of 7.4°/hr clockwise. For 1400-1600, the nodel showed
a surface wi nd clockwi se rotation rate of 2°/hr, versus 3.1°/hr cl ock-
wi se fronkEq. (5.04). The time period 1800-2000 had a nodel surface

wind rotation rate of 5.5°/hr conpared with 8.3°/hr from substituting
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nmodel output into Eg. (5.04). The nodel rotation rates and theoretical

rotati on rates from - are of the same order of magni tude and show

+
5

simlar changes at the same time of day. The npdel showed a total rota-
tion at 5 km seaward from the coast of 67° clockwise (7°T at 1000 and
74°T at 0300 the followi ng day) in 15 hours.

The 270"T, 5 ml's geostrophic case (nodel) exhibits a turning rate
of 23.8°/hr cl ockwi se versus 20.5°/hr clockw se, using the nodel output
inthe first three terns of Eq. (5.01). 1In this case Uy = 2.11 ms and
vg = -4.53 m's due to coastline orientation. Actual data taken 19
August 1977 (Figure 21b) shows an approxi mate surface turning of 22.8°
cl ockwi se, but is suspect since the upper level wind direction was not
constant. In this case ugu and Vv are both (-), while ?B—Z;IE is (+) as
usual ; therefore, the clockwi se turning is augnented and approaches
that of -f.

The 220”"T, 5 m's geostrophic case (with Lé = 4.83 m/s and vg=—l.29
ms due to coastline orientation) has turning in the nodel from 1500 to
1900 of 13.8°/hr clockwise. The %% usi ng nodel output in Eq. (5.01)
First three terms) yields 8.1°/nr clockwise. Data from 15 August 1977
shows 12.5°/hr clockwise. Again the mesoscale termis (+) but the u
term changes from (-) to (+) over four hours, so the large-scale term
decreases and may becone (+), which inhibits turning in the late after-
noon. Reduced clockw se turning rates result.

The 090°T, 5 m's geostrophic case (nodel) showed turningof 1.55°/hr
cl ockwi se from 1500 to 1900, whi. e %% using nodel output in Eq. (5.01)
(first three terns) with v, = -2 11 m's and Vo = 4.33 m's shows 1.75°/hr

clockwi se. The large-scale term in (5.01) was (-t-) and the mesoscale
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term was (+), which caused the rotation to dimnish rapid Ly. Actual
data from Figures 15b and 19b show turning of approximately 5°/hr clock-
wi se, but this is probably not a true sea breeze turning since w nd
speeds and directions above the boundary |ayer changed during the tine

peri od.
The 040°T cases are not covered since actual data wth upper |evel
winds fromthis direction were not obtained. The behavior would be

simlar to the 090 T case since ug anti vg woul d nmake the |arge-scale

term (+) .

5.4 Synopsis of Chapter V ?

Characteristics peculiar to the arctic sea breeze such as the 37%
| arger Coriclis force, quasi-permanent surface-based inversion over
water, initial ground-based inversion overl and [1imits vertical extent
of sea breeze and weakens fronts], absence of a |and breeze [I|and-sea
temperature difference is always +}, large land-sea tenperature differ-
ence [14°C at the coast and 25°C at a distance of 50 kminland] were
discussed in relation to their resultant effects.

Characteristics of sea breezes in general due to interaction of the
mesoscale and | arge-scale pressure gradients plus nonlinear self-
advective effects on the tenperature field and disturbance velocities
were delineated. Asymetry of the sea breeze velocity core (%% is
greater on the landward side during offshore gradient w nds), stalling
of the sea breeze with possible frontal buildup, and tenporal increase
in height of |andward flow have all been effectively nodeled in this

study .
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Rotation and rotation rates of the surface sea breeze vectors were
conpared for model cases of 0 m's, 270°T at 5 m/s, 220° at 5 m/s, and
090°T ar 5 mM's geostrophic winds, With existing data (except for Onm's
case) , and an anal ytic expression for rotation rates derived by Neumann
(1977) . The rates were conparable in magnitude and trends “toward in-
creasing or decreasing rotation rates.

Model evidence has shown that the sea breeze disturbance velocity
i ncreased (above that of O geostrophic Wi nds) during offshore geo-
strophic wi nd" influence, enough to offset the prevailing wind at the
surface. Actual data have shown that the sea breeze occurrence criter-
ion of Walsh (1974) based on a linear constant X nodel, may underesti-
mat e the maxi num of fshore gradient wind allowable to elinmnate a sea

breeze.



VI.  CONCLUSIONS ANO RECOMVENDATI ONS

The domi nant physical factor causing thr large atmopsheric boundary
layer turning of the wind (in space and tine) on the Al askan arctic
coast is the sea breeze. The large diurnally varying |and-sea thermal
contrast, clockw se rotation of the surface wi nd vector, and surface
wind flow in opposition to noderate offshore gradient flow are factors
and evidence of this mesoscale phenonenon.

The inclusion of geostrophic winds in a nonli near sea breeze nodel
has successfully nodel ed the experinmental pilot balloon data and surface
wi nd vector turning. An additional interesting effect is that offshore
geostrophic winds may |lead to a stronger sea breeze disturbance velocity
than possible iwth zero geostrophic flow. The resulting sea breeze will
offset | arger geostrophic seaward flows than previously thought possible
on theoretical grounds. The nodel has shown this effect, and linited
data agree. The nmethod of inposition of this offshore gradient flow in

the nodel and in nature may be critical since the actual data have shown

the large-scal e pressure gradient may not be constant in time (iﬁ the
Y ou av EE]

L L L o
N TS O ) such as the case in Figure 17b where

initial weak offshore synoptic winds (2m's) had built up to6ns

model :

(220 T) in three hours without offsetting the surface sea breeze influ-
ence.

Further work with the nodel should include:

1. incorporating a heat balance equation to sinulate surface heat-

ing rather than a sinusoidal tenperature variation.
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Choosing an optimum grid spacing with increased vertical reso-
lutionnearthe ground and increased horizontal resolution near
the coast.
Utilizing a spatially varying |arge-scale tenperature profile
showing a decrease in static stability seaward, because the
marine inversion is maintained in part by proximty of warm
land air (rodel).

Adding a water vapor (mxing ratio) equation.

New sea breeze related experinments along the Al askan arctic coast

shoul d

1.

i ncl ude:

An attenpt to determine the seaward extent of the sea breeze

and its relation to surface currents and small ice flow novenent.
I mpl enentation of a nore accurate surface pressure network com
prised of buoys on the arctic ice pack and inland buoys (nore
than 100 km fromthe coast) to avoid sea breeze induced pressure
variations.

I nvestigation of the sea breeze influence on coastal fogging.
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APPENDI X A

THE PREDI CTI ON EQUATI ONS IN FI NI TE- DI FFERENCE FORM

In the followi ng equations for the nodel above the surface

| ayer,

n = integer tine step

i = integer grid point on the z-axis

4 = integer grid point on the horizontal axis
M = grid interval on z-axis :
Az = grid interval on z-axis

At = tine step
m = jndex with a value
1 for u, p, or w > 90

~1 for u, v, ox w < 0

The z-axis and u velocity are perpendicul ar to the coast. The y-
axis and v velocity are parallel to the coast. The z-axis and w velo-
cityare in the usual vertical direction. Superscript L denotes the
| arge-scal e conponent of a variable and a prine (') denotes the distur-
bance conponent of a variable. Terms without L or (’) are suns of the
| arge-scal e and di sturbance conponents (i.e., u = uL +u').

The advective terns in (Al) through (A3) are witten as unentered
differences rather than centered to avoid numerical instabilities in a

method used by Fisher (1961). The vertical diffusion term for equations

(A), (A2) and (A3) was devel oped by DeFort and Frankel (1953) and
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results in a stable, explicit integration method (Estoque, 1963). The

equation for the ' veleocity, Eq. 3.26, is

u! -u’ .. u! UL
nt+l,1i,] n~1,i,] = -y j_Na1,] n,i,j-m In
20E ‘n,i,3 A |
u_’ -u’ .
o oaa! n3i:j :n,i"m’l m
Yn,1,3 Az
; Al
HT..{P'..-P.. (A)
n,1,] n’173+l n—al’J—l + f'U’ “
P, . 1 20z n,1,j
n,1,3 1

Koyirt, 3 Mai1,5), M0,140,3 ™ Ynain1,3
2Az 2Az 1

7 _ 1] l- - r . .
+ K un:i"'l:jmn’i_laj un+1’19:] Un—l,l,l
n,i,] (az)2

The equation for the »' velocity (Eg. 3.27) with no variations in

the y direction is

.1 - r ’ _
7/n-¥-l,:i.,j Un—l,i,j_ . Jvn,l,:] Vn‘i,g-m} m
75t “n,i,3j l AX J
v’_f1 1.4 vl
! 215 0,170, fu! ..
l'l..l,j Az } 0, 1,]
(A2)
. ["n,m.j - Ky io13 . Palidl,g Vn,i-l,j]
2hz 1] 205
1 - + r _ ! “ ._\ r . .
. \rlx,i-!-l,j' vn,i—-l,j 7)n-Fl,:L,j/ n-1.3i,3
+ K, . 7
n.i.j (A=)

}
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The equation for potential tenperature (Eq. 3.29) 6’ can be

witten
’ 9 . . -EI'" .
0041,1,7  On-1,i.3 n,i,i  m.i,j-m|
Ll ™
2AT n,1,3
Sa,1,3  %nyimad
- ! .
n,i,] Az ) (A3)
K. saq O i1 s = Oniq 1
n,i+l, ] n,i-1,7 n,it+l, ] ,i-1,3
203 2Az
- A | T
N En,i+l,ijgn,i—l,j €1, i3 “n-1it,
a1 (b2
The equation for the vertical velocity (Eq. 3.30) is used to com- '

i ; velocities. The integra-
pute v’ after every time step using the new »' V& OCITIES g

tion proceeds upward fromthe surface where w’ = 0.

!

! -w' .. ) l
Un,il,3 " “moing Féq . Féy_] .
n,i,J

v L
hz Loae 1o 41,5 LA J

and ()

— 2! - ut .
A i, §¥1L__ “myd, j-1
[_ZT‘ 2Az

XL PR
n,3,]

The pressure equation (3.28) is used to conpute p' after every

time Step.
L T
- P! [ + P . . P ,
Pé.i+l,j Pn,i,j g jn,i¥s ] n, i+, n,its,j (A3)
Az R igL ;7 L
n,itk,] n,i+s,] n,i+s,]



vhere
PL . PL
L n,d+1, ] n,i,j
L )
n,i+s,j 2
P!, ., *+ P,
P — n,itl.]; n,i, |
n,1+5,3 2
. n,i+l,j n,i,j
n, i+, j 2
’ ;
T’ — n,i+l, j H,i,]
n,its, 7 7 2

The integration proceeds downward fromthe highest grid |evel

where p' = Q

1
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APPENDIX B
DERLVATI ONS OF THE u, 6, u,, 6,, AND K(h)

EQUATI ONS FOR THE SURFACE LAYER

Case 1. Stable conditions (Ri number >O0)

7 r?
_MQL-=1+4.7 G (di mensionl ess w nd shear,

R Uy o5 Businger, et al ., 1971)

where
w— ' ’ 1 . . .

=2 kg w’e (z+z0) (di mensi onl ess hei ght)

’ L g Uy
t herefore:

3 _u { 1, 4.7

3z k | =tzg I

Integrati on with respect to 2 yields:
u = %f-ln(z+zo) + 4.7 + C
since u = O at z = z; (roughness length)

(otz 1
o= Ya { 1n F=22L 4407,
k Lzo (‘}

Simlarly

o ~—k(§g~39~)— _La”i’ . .74 + 4.7 . (dinensionless tenperature
.
1971)
t herefore:

gradi ent, Businger, et al.,

(B1)

(82)

(B3)

(B5)

(B7)



186

Integration with respect to 2 and noting 6 = 84 at 3 = 34 yields:

0. [ ) \
=220 74 1n ZE00 44y + 8 B8
=% { T - 0 (&)

Since we have assuned K% = Kﬁ , for RL nunber > O

e:ii{lniiz-ﬂ+4.7g + 6, (B9)
k 2q

To cal culate u, and 8,, continuity of vertical derivatives is
assumed between the top of the surface |ayer, %, and the level immedi-

ately above [(%#+Az) Estoque, 1963) 1.

Uy _ U(h+Az) - UM
[55} = Az (B10)
h
with (B3) this inplies
Ulh+bz) - U(h) _ ug 1 4.7 N
Az ko Grag) L (B11)

using the differentiated formof (B9), a simlar expression involving

8 can be witten,

o (h+hrz) - 6(h) . _;L{ 1 4.7 (812)

Az O Greg) oLy

Wth. (B5), (B11) can be rewitten

u(h+Az) Ux { in

uLnr - Ua
2 4 Az

Itzo) | 4.7 R\ _ug 1 4.7
20]+A2L }" k{(h+zo)+ L } (B13)

now let ( =

x|+
n
<O

using (B9), (B12) is
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- 7 1 4.7 ..
0(h+As) - B0 _ A Y l =0 j =+ -:——~} (B14)
Y2 O { fe TR LT R LA

From ( B2)

35 39
U e U 0
L A =

- = +
kgupiar kg 6,

where 2767 is replaced by 9% , (Busch, 1973). Therefore, (313) can

be rewitten as

U(hthz) ul | b7 h8, U BT 049 (B15)
Am Az Az 9 u, A 0 uy
4.7
1f Pzt ‘
then (B14) can be rewitten as
Po 2
o (h+Az) — B¢ ¢ P 8sh | _0x, POy (B16)
Pl - 04 { Y Uy A T u?

But (B15) can be rearranged to get ¢, in terns of u, and known quant~-

ties

L, C } i h+AZ’) }
w2 \ A" b (B17)
£ = Ph
s 7
Substitution of (Bl7) into (B16) and rearranging terns gives:
Plo(h+az) - 60l (AtAz)
uy = Uhtdz) CA+hz =~ (CA+Az) y(h+4z)2 }
or
U(htdz) k (hz0) Y a(?g%.[z])(}[yr(h;ﬂz) - 991 (B18)
Uy = 7 Z
Az + (h+zg) 1n[fl—:%g} 0

Note:  L(h+Az), ©(h+A3) are values at level hthz.



188
The momentum flux for the surface |ayer at 7z can then be obtained

since

3 _ 2

‘ = (B19)
m 93 =

To obtain 9, substitute (B18) into (B17) and again after nuch

al gebra:
U l6(h+az) - 8ol
0= T U hran) (820)
The sensible heat flux can then be cal cul ated from
a9
dv - B21
K, == 5 u0, (B21)
where Kh =~ Km =X .
To find K(h) where £ (k) = K {h) = K(h) use (B19) to obtain
o 1 4,7 g0, | 1
K(h) = uy { k(h+zq) + T ou,” }
(B22)
' .7 (h+z —1
K(h) = wk(hvzg) { 1+ i-7£2 20) }

The final formof (B22) is obtained by dividing by 1/[k(#+z4)1 and

using the expression for L above.

Case 2. Unstabl e conditions (Ri nunber < O

-1
¢~ (1 - 15 Rri) h (B23)
-1
o, = LT74(1 - 9 Ri) (B24)
are from Businger et al. (1971). It must be noted that ¢t and Ri are

approxi mately equal for unstable conditions.

Ther ef or e.
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i ; -1
Joovs b { 1-15 ¢ } /. (R25)

(B26)

(B25) and (B26) can be integrated, resulting in the follow ng expres-

sions for u, and 6 (Paul son, 1970).

vt {2y, | (527)

where
U1 = 2 In[(14e)/2] + 1n[(1422)/2] - 2 tan'l (@) + 3

1

and

(B28)

@
il
~J
‘!_\
|
Y
—F—
[
]
o ﬁ
[ T IV I
!
=
)
L —
+
w
[os)

where

vo = In[(4)/2),y = .74 o,

and 8y is the tenperature at 2" O

Again, to calculate u; and 64, continuity of vertical derivatives
is assumed between the top of the surface layer, %, and the level i medi -
ately above (h+az).

Using the definition of dinmensionless wind shear and the stability
par anet er,

k(z+zg) U | (B29)

but
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A _ _ sy .
(2+zg) 57 7% 1n(sz+sy)

(B29) can be rewritten approximately in the layer from the surface to

h+Az as

i, = k {LQbz) - 4y ) uy = 0 (B30)
¢m[%] { In(h+hz+zy) - 1ln 2g }
wher e
hthzta
2| _ 1
¢m{i] = as+ag ¢m[§}az
20

by the nean wvalue theorem of integral calculus,and since

we have
k_UQthz) hhatag l |
“r = ln[h+Az+Zo\ h N n+zg 2}, t (831)
2o bz on\T *alz ZJ
R 0 N

1o actually calculate U, from the model which computes Ri from

wi nds and tenperatures at the ground and A+Az |evels,

z dimplying Ri =1z at level h

=~
IX4
A*'IE.

was used by Krishna (1968). Using (B23) and the above approximation

in (831) (at z = &)

k U(;Z+AZ) (7’L+AZ+ZQ) _ (832)

Uy = I —
" 1n[ﬁiﬁ2—z—‘f—0}{gz(1~1s Ri)l/“+{-—% ’gi} [(1~15 Ri)g/”—l:l

<0
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The momentum flux for the surface layer at i can be obtained from
(B19)as before.
Usi ng the dinensionless tenmperature gradient, the definition of

the stability parameter ¢ and previous mathematical operations,

% } (833)

(B33) can be rewitten approximately in the layer fromthe surface to

h+Az as
o = _Kkl8(nt ) - B0} (B34)
* 1 hthztezg 3 2 .
& 20 h{L

and finally applying the nean value theorem and

¢, 1A} . ¢, |AtDz
hH " LJ
we have
o k [e(h+pz) - 891 (ht+hz+2q) (B35)

CnEEE {e ] [ Al o)

Now using (B24) and Ri = ¢ at level %, the nodel calcul ates the Ri

number to insert in the follow ng expression

k [8({h+A3) - eo](h+Az+zo)

e = —
1R o 74109 R0T2 [ {-- L ao /2~1]}}
L R0 )
(B36)

The sensible heat flux can be calculated from (B21) as before.

L
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To find Z}(h) the momentum flux, we rewrite (B19)

2 [ A )1/'
J; = Zl.i_..- =k : + - : ) N |
Km(h) = Iéﬁ? kou,(h 20){ 1 15 i j (B37)
a5 h

To find Kh(h), the sensible heat flux, we rewite (B21)

1
Kh(h) = ”é"ﬁf* Tk u*(h+20>(.74){ 1 -9 % } f (B38)
33 h
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Appendix B

Evi dence for Sea Breezes
on the Al askan Beaufort Sea Coast
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EVI DENCE FOR SEA BREEZES ON
The ALASKAN BEAUFORT SEA COAST

. Thomas L. Kozo

Pol ar Science Center, University of Washington, Seattle, Wshington 98105

Abstract. Atnospheric environnental data nitudes and frequency than west wnds. He
collected in August 1976 and 1977 al ong the suggested that the surface tenperature contrasts
Beaufort Sea coast of Al aska exhibited both cir- at Al askats north coast produce an added pres-
cunstantial and direct evidence of the existence sure gradient conponent that is not recorded by
of sea breezes at 70°N latitude. To estimate the the existing National Wather Service (NWS)
total atnospheric boundary layer turning, a two- synoptic observation network.
di mensi onal |east squares technique was used to Wl sh (1977) investigated the |and-sea tenper-
derive the three hourly gradient wind (above the ature contrast across the Al askan north slope as
at nospheric boundary layer) with data from sur- a source of local thermal circulation. Unfor-
face pressure stations for simultaneous conparison tunately, his data was collected on days with
to surface wind data. Results indicated the synoptic winds unfavorable to sea breeze forna-
average turning of the wind from above the bound- tion,
ary layer to the surface was 120° on sea breeze Experinental evidence has shown that the
days. Rotary spectra from tinme series data of breeze dominated the surface wind direction at
surface winds neasured at offshore and onshore | east 25% of the tinme during summer data collec-
sites have shown the horizontal extent of the tion periods along the Beaufort Sea coast.
sea breeze influence to include et | east a 37 km The study area was contained within the lati-
zone centered on the coastline, tudes 69”"N - 74°N and |ongitudes 143°W - 157°W,
The sea breeze is largely responsible for the In this way, buoys (1976 only) within the arctic
increased persistence of surface onshore (north- ice pack, WWS stations at Barrow and Barter
easterly and easterly) winds docunented in August Island, Distant Early Warning (DEW sites at
historical data for the A askan Beaufort Sea Oliktok and Lonely (1976 only) and canps at
coast . Umiat and Happy Valley (1976 only) could be used
as surface pressure data sources.
I ntroduction Figure 1 shows the positions of the pressure
stations (P? (Weather Measure 8211 microbaro-
. The sea breeze is a mesoscale feature usually graphs at all sites except Barter Island and
contained within the planetary boundary layer and Pt. Barrow) within the [and-based grid for August
is strongly influenced by eddy viscosity, sur- 1976 and 1977. The primary study area (rectangle
face roughness, and conduction processes. The A) had surface wind (10 meter) stationa offshore
intensity, duration, and extent of the sea breeze on the Jones Islands (Pingok and ¢ottle), Cross
circulation are mainly determined by horizontal Island and the MCure Islands (Narwhal) and
gradients in the amount of heat supplied by the onshore stations at Tolaktovut Point, o0liktek and
earth's surface to the atnosphere (Defant, 1951). Deadhorse, These coastal |ocations exist in an
Its horizontal extent is |arge enough that the area where the summer tundra-ocean thermal con-
earth’s rotation and the large scale atnospheric trast remains positive (land always warmer than
pressure gradient cannot be ignored (\Walsh, 1974). water) despite 15°C drops in land tenperature
The data base for arctic sea breeze studies over the short arctic sumer nights (Moritz,
has been enhanced by the discovery and devel op- 1977).  This unique feature of the Al askan
nment of the Prudhoe Bay oil fields (md-sixties). Beaufort Sea coast precludes a land breeze.
Since the nearshore ocean current flow along the
Al askan Beaufort Sea coast is primarily wnd Data Analysis Discussion
driven, a direct application to oil spill trajec-
tories in lagoons and embayments exiSts. The noment um equati on for synoptic scale
The farthest north experimental sea breeze atmospheric flow is
study in the literature was done by Rossi (1957)
near Ilmala, Finland on the shores of the Baltic v ] vp _
Sea (60°N). Nordlund (1971) did a theoretical etV WA EG V) 4 =0 &
study using Rossi's data.
N Moritz (1977) after investigating historical The last two terns are generally dom nant (geo-
data from Ft. Barrow, Al aska, discovered two strophic approxination) and yield the wnd
* significant facts. The first was the calcul ated velocity in the free stream above the planetary
geostrophic wind speeds in January were 40% boundary layer with flow parallel to the isobars.
greater than those calculated for July but the It is not uncommon for the other terms to be
simul t aneously observed surface wind speeus i nportant which can require a correction to the
from both nonths were approxi mately the sane. velocity calculated from the geostrophic approxi-
The second was that cal cul ated geostrophic wind mation. The first term above becomes inportant
' peeds and direction frequencies for July were during accelerating conditions such as frontal
sinmilar for winds with east and west conponents, passages when large w nd changes occur in |ess
but neasured surface east winds had greater mag- than five hours. The second term above can be-
come significant when strong curvature of flow
Copyright 1979 by the American Geophysical Union. exists (radius of curvature of isobars less than
Paper number 911403, 849

0094-8276/79/009L-1403$01.00
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00 km, where isobars are used to estimte air
arcel trajectories).

Care must also be exercised when using
easured surface atnospheric pressure gradients
o determine the free stream flow The calcu-
ated free stream flow will be in error when the
urface pressure gradient differs significantly
romthat at the free stream |evel due to large
tale horizontal quasi steady state tenperature
radients (thermal wind).

The first approximation to the geostrophic
ind field was obtained from NWS tw ce-daily
0000 and 1200 GMI) surface pressure maps but
ata from Barrow and Barter Island (520 km apart)
re usually the only inputs within 500 km north
nd south of the Al askan Beaufort Sea coast. To
ncrease the resol ution beyond that of the exist-
ng NWS pressure grid, the microbarograph network
Figure 1) was used and extended to include two
wysi N the polar ice pack. These data buoys
epended on the Ninmbus 6 satellite RAMS (Random
ccess Measurement Systen) for tracking and data
clay. These data provided the basic input to
two- di nensi onal |east squares fit (TDLSF) nu-
erical technique for a cubic surface (Krumbein,
959) which produced a pressure map for the study
rea and allowed for cal culation of geostroohic
elocities at field data sites where 10 neter
inds were neasured.

Figure 2 is a TDLSF plot on a sea breeze day.
he 0000 GMI (Greenwich Mean Tine) corresponds
0 1500 ADST (Al aska Daylight Savings Tine) on
he previous day. The surface winds at the indi-
ates stations are shown using standard NAS
otation for the wind velocity arrows (==,
hort flag = 1.5 to 3.5 ms; ——, long flag =
to 6 m/s.

The cal cul ated geostrophic Wind for Cottle
sland on August 16, 1976 (0000 GMI) was .93 nis
rom188.5°T with a neasured surface wind of
.28 m/s from90°T. The NWS chart (not shown)
nd Figure 2 show a weak pressure gradient in the
ottle Island area. The land-sea tenperature
ifference over 15 km (Prudhoe Airport to the
east [P-c]) was 7.8°C.

The TDLSF technique applied for a cubic sur-
ace was used for twice daily conparison with NWS
urface pressure maps. To conpare surface w nds
n Cottle |sland (Jones Island chain) with the
eostrophic Winds on a 3-hourly basis the tech-
ique was used to fit a plane surface to pressure
ata from Deadhorse, Lonely, Umiat and one off
here buoy (closest to coast). The tine segnent

PT. BARROW Beaufort  Sea
P
LONELY 10> ke
P JONES ISLANDS
LIKTOK /  CRQSS/ISLAND
T PT. McCLURE IS,
DEADHORSEs ROWNLOW PTP.
TO°N
oo BARTER ISLAN?gf
144°w
peUMIAT APPY VALLEY
N R
“ig. L Locations of atnospheric pressure sta-

:dons (P) within the |and-based grid for 1976,
.977 and 1978 and primary study area (A). (Alas-
.an Beaufort Sea Coast.)

1S7°W

N
72°N-|
°N
70°N+
69°N
69°N 150°W
Fig. 2 Two- di mensi onal |east squares fit

(TDLSF} to surface pressure network on August 16,
1976 (0000 GMI). C, N, T represent actual sur-
face wind neasurenents from Cottle Island,

Narwhal |sland and Tolaktovut Foirt, respectively.
(Pressure contours - MB)

was from August 13 to 23 and August 30 to
Sept enber 3, 1976.

The data (Figure 3) is presented with the geo-
strophic wind direction (0., ordinate) plotted
sa function of the surféacé wind direction
(519, abscissa). The sea breeze influenced data
points (SE) are contained within the dashed Iines.
The geostrophic winds within a 60" band from
195° - 255° (SW quadrant) correspond to surface .
winds in a 60° band from 90° - 150° (SE_quadrant).

The sea breeze had of fset weak geostrophic W nds”
in the boundary layer to produce an average
“turning” of 120" CCW from the free stream |evel
to the surface to increase the frequency of sur-
face winds fromthe east. Planetary boundary
layer turning, usually the result of a three-
way bal ance between the Coriolis force, the

| arge-scale pressure gradient force and the
viscous force, should show w nds shifted approxi-
mately 20° counterclockwi se (CCW) fromtheir

free stream direction to their 10-meter direction.

The surface wind velocity at the main experi-
mental site in the Jones Islanda (Pingok Island)
in August 1977 was obtained by a Climet cl-25
system with an accuracy of 1% for wind speed and
+3° for wind direction. Surface w nd velocities
were recorded at other sites by Meteorol ogy
Research, Inc. rempte mechanical weather stations
(Model 1071). They were battery wound systens
set for 30-day operations with a clock accuracy
of + 60 seconds per 24 hours.

Figure 4 for the Jones |slands (Cottle |sl|and)
was conpiled by combining three Augusts of data
from 1976 to 1978. This is a histogram of wind
speed and direction with the top scales repre-
senting direction (from) frequencies and indica-
ted by bars. The bottom scales represent speed
frequency and are indicated by printed nunbers.

Allowing for synontic effects Figure 3 above
shows that a large percentage of the asymetry
in the wind direction data (Figure 4) nust alsobe
a thermally induced mesoscale effect (sea breeze).

Time series of surface wind data from coastal
stations and islands were exanined with a rotary
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August 1976.

spectrum techni que {(Gomella, 1972). .The variance
for each frequency band is divided into clockw se
(CW) rotating variance (negative frequency) and
counterclockwi se rotating variance (positive
frequency). OBrien and Pillsbhury (1974) state
that the rotary spectrum from tine series of
horizontal w nds show the sea breeze to be a cW
rotating wind oscillation and abaence of signi-
ficant peaks at the 24-hour period in the CW part
of the spectrum for at-sea buoys indicates
absence of sea breeze ocean surface circulation,
Figure 5 is a sem-log plot of rotary spectra

for August 1976 (Tolaktovut Point, coastal sta-
tion) with 95% confidence limts (C and band-
idths (B) indicated. The vertical axis has

its of spectral density ([m?/s2]/c/3h]) with
the horizontal axis in units of cycles/day.
The significant peak occuring near -1 cycle/day
(24-hour period) is the CWrotating contribution
fromthe sea breeze. Peaks related to CW rota-
tion in the Deadhorse and Narwhal spectra (not
shown) are evidence of sea breeze influence in
at least a 37 km band centered on the coastline.

A U S Coast Quard |cebreaker (Glacier WAGB-4)
positioned approximately 64 km north of Pingok
Island from 1200 to 1400 ADST on August 14, 1977
recorded surface wi nds averaging 170°T and 2.5
m/s While surface winds at Pingok Island were
averaging 64T and 4 nmls. This difference in

percend
0O 20 40 60 80 100
G 413" 1T 1 17
> 1 [o]s[s]8la{ 11 A
Yo AT ]
© 90 T35 s 4l
3 ol i1} AUG 76,77,78
= 180 ~
- ol i1
o .
u olol2 {1 o5
a 270F 13142 7
g 152525 1 i
= 360 —
percent
= 4.5. l, st 151 l 1 ! jtotals]

23.5 345 165 125
16 20

Fig. 4. H st ogram of surface wind speed and
direction for August 1976, 1977, and 1978 com
bi ned (from Cottle |Island).

Sea Coast 851
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Fig. 5.
wind velocity data for
from Tolaktovut Point.

Time series rotary spectra of surface
August 1976 col |l ected

surface wind direction shows the surface sea
breeze influence to be less than 69 km from the
coast.

Tenporal rotation of the local surface w nd
vector with distance from the coast is presented
for August 17, 1976 (Figure 6) with E = Narwhal
Island, C = Tolaktovut Pt., D = Cottle |sland,

A = Deadhorse and B = ARCO Airport. The calcu-
lated geostrophic wind was from 226.7°T at 3.2
m's (1500 ADST). Al sites had surface wind
vectors that exhibited a CW rotation from 1500
(maxi mum sea breeze influence) to mdnight while
the 0900 to 1500 time period had generally CCW
surface wind rotation. The conputed geostrophic
wind for mdnight was 137°T and 2.2 nfs. The
rotation of the conputed geostrophic W nd was
CCW 110° from 1500 to nidnight. The weak geo-
strophic winds had limted influence on the sea
breeze rotation.

Two theodolites were used to track standard
net eorol ogi cal pilot balloons (August 1977,
Pingok Island) at 20 end 30 second intervals.

The balloon position data is converted to hori-
zontal wind velocity versus height. An exanple
is presented in Figure 7 for August 15, 1977.
Radi osonde (battery powered expendable instrunment
that transmits radio signals during balloon
borne accent) data (1526 and 1810 ADST) i ndicated
the inversion layer top (ILT) to be at 200 neters
with a temperature of 17°C and a 5.0" surface

N1 Sm/s
TIME (HR) ADST
0600 [200 1500 1800 000 c
0
E 20 A
S S
E T
A A
0 ¢ *t;j} 4"‘~y ‘K\\y ‘K\y L} L
c F — \, COAST ?
\ L ?
N
B —¢ 4 i/\ — 4« 15D ﬁ
A pa — Lo c
SURFACE WIND (7 AUGUST 76 E
(km)
Fig. 6. Three hourly local surface wind vectors
for designated stations on August 17, 1976. The

cal cul ated geostrophic wind was from 227"T at
3.2 ms for 1500 ADST.
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Fig. 7. Pilot balloon derived profiles of wind
speed and wind direction from Pingok Island on
August 15, 1977 for ADST times of 1524, 1810
and 1910.

tenperature. The free stream wind renmai ned con-
stant at approxi mately 220°T for four hours
during the balloon tracking. The 1524, 1810,
and 1910 profiles show tenporal CW rotation of
the surface wind vector during tines of sea
breeze influence and all show | arge CW rota-
tion of the wind vector with height (greater
than 100° to the inversion layer top). The
UPPer level winds at 1524 (sea breeze maxi num
were weak, averaging 3 m's and should have
allowed for its development. The Prudhoe-Coast
(P-C tenperature difference (1500 ADST) was
12.8°C.

Concl usi ons

The dom nant physical factor causing the
abnormal at nosphere boundary layer turning of the
wind on the Alaskan Arctic coast is the sea
breeze. The large diurnally varying |and-sea
thermal contrast, clockwise rotation of the sur-

face wind vector, and surface wind flow in oppo-
sition to noderate offshore qradient flow are
factors and evidence of this mesoscale phenonenon
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Abstract

The deployment of offshore pressure and posi tion relaying buoys in February
1979 within the arctic ice pack has allowed for a nore conplete investigation
of a wintertinme mesoscale nmeteorol ogi cal effect known asmpuntain barrier baro-
clinicity (MBB). Total atnospheric boundary |ayer turning was estimted by
conparing conmputed three hourly gradient wi nds (above the boundary iayer)with
simul taneous surface winds at Barter Island, A aska. This total turning com
pared with wind velocity versus height data obtained through raw nsonde | aunches
at Barter Island. Results indicate that the average turning of the wind from
above the boundary |ayer to the surface was 140° during periods of MBB influence.
In addition the average difference between simultaneously nmeasured surface w nds
at .Barter | sland and Pt. Barrow, Al aska (during MBB pericds) was 140°, which
cannot be expl ai ned by existing synoptic (large-scale) weather charts.

The evi dence explains the wintertinme abundance of west to sout hwest (W SW
wi nds seen on historical monthly wind direction histograns from Barter Island
(64 km north of the Brooks Range) while Pt. Barrow (300 km north of the Brooks
Range) histograns for simlar nonths show an east to northeast (E-NE) bias.
Finally, the occurrences of the wintertine MBB effect and the summertine sea

breeze effect have been related to the albedo of the arctic tundra surface.

Introduction

This wintertinme phenonenon is responsible for 180 degree surfacewindshifts
along the Al askan Arctic coast between Pt. Barrow and Barter island (a distance
of less than 500 km) during moderate wind conditions. 'Tllse shi tsareunot
expl ained by National Weather Service (NWS) synoptic charts. The nechani sm was
described theoretically by Schwerdtfeger (1974) using arctic data from several
stations north ofthe Brooks Range and more ret{’ ' nLly mentioned(1979)asan

explanation for wind condi tions on the cast Side of the Antarctic Peninsuli.n



both previous papers the data base was linmted and the presentation was primarily
in the formof compilation tables wi th wind direction percentages shown at various'
station |ocations. In no instance was simultaneity of neasurenents denonstrated

at specific sites.

Schwerdtfeger (1974) states that a stable at r mass woving toward a woun tain
range without heating from below induces baroclinicity by causing a downward
tilting (away fromthe obstacle) of isobaric and isothermal surfaces, resulting
in a mesoscale pressure gradient force away fromthe nountain barrier axis with
a maxi mum val ue near the inversion layer top. ‘This results in an effective thermal
wind parallel to the nountain deflecting the | ow level flow wthe left for bar-
rier slopes in the northern hemisphere. In this case, for winds north of the
Brooks Range, northeasterly flow near nmountain slopes beconmes directed toward the
east (westerlies). It must be enphasized that the above effect is not due to
orographi c channeling oresultant pressure patterns during strong wi nd conditions

(Di ckey, 1961) caused by the “knob” of the Brooks Range.

A uni que data set has been obtained through the inplenmentation of the Univer-
sity of Washington, Polar Science Center’'s Arctic Basin Buoy (ABB) array (spon-
sored by the National Science Foundation) by m d-February 1879. These buoys,
which were air dropped at various locations on the arctic ice pack, transmt
pressure and position data to the TIROS-N satellite and use the ARGOS data collec-
tion and location system Use of data fromtwo of these offshore buoys with
concomitant onshore station data has allowed the calculation of 3-hourly geo-
strophic winds through a two dinensional |east squares fit (TDLSF) nuneri cal
fit technique (Kozo, 1979) for the north coast of Al aska. When this data was
coupl ed to simultaneous raw nsonde (radio tracked neteorol ogically instrunented
bal | oon) data from Barter Island, A aska, a new |ook at a phenomenon which occurs
at least 257 of the time in the winter months was madepossible. ‘

The horizontal extent of this phenonenon indicates that surface wind measure-

ments i N winter nmonths for a coastal zone from Barter |sland to Prudhoe Bay



may be poor indicators of the actual stress exerted on nearshore ice. | nst ead,
the large scal e (geostrophic) wind should be calculated farther out on the polar
ice pack to determine the stress that will be transmitted to the ice closer to

shore.

Dat a Anal ysi s Di scussi on

Figure 1 is a section of a NWS synoptic chart for 11 March 1979 (1200 GMT)

with the Brooks Range of Alaska cross hatched. F, L, G Hand S represent sur-
face wi nd data | ocations at Pt. Barrow, Lonely, Prudhoe Bay, Barter Island
(noving west to east along t'he Al askan coast) and at a Russian ice station
respectively. The surface winds are shown using standard NWs notation for the
wind velocity arrows with the short flags denoting 1.5 - 3.5 m/s speeds. 13
represent the locations of the ABB array buoys wl‘ﬁi ch furni shed surface

and BlA
pressure (accuracy % 1.5 nb) out on the ice pack (no wind direction neasurenents
are made at these locations). The pressure contours are in nmillibars (rob) and
the nunbers adjacent to the locations are surface pressures nminus 1000 mb. For
the stations shown, the NWS chart used data from S, F and H only to construct
the contours depicted. The recorded surface winds at S and F and the measured
surface pressure at B,(1037.2 nb) are reasonable values for the offshore high
pressure system{anti-cyclonic fl ow) shown. However, the winds at G and H
(opposite to what the NWS pressure pattern indicate) and the measured surface
pressure at By, show that the analysis is inadequate. It should be noted that
the actual pressure change from By to B,was 15.3 mb (map contéurs indicate

8 mb) while the actual change fromF to H (a conparable distance) is 5.6 nb.

Si mul t aneous raw nsonde data (Figure 2) taken at Barter Island (H shows a
strong tenperature inversion up to 400 m and approximately 150° of turning of
the wind within the inversion layer. This denmonstrates the existence of a pres-
sure gradient force away from the Brooks Range axis Since frictional turning

of the wind will usually account for only 20-30 degrees of counter clockw se (CCW)



change from the upper free stream direction to the surface (IO nmeters). ‘I'he
conput ed geostrophic wind fo, this tinme using pressure data from buoys Bj-, ‘
14 and Pt. Barrow was from 36°T at 15 ni's.

Figure 3 1S a section of a NWB synoptic chart for 12 March 1979 (1200 GMT)
with the same designatlions as Flgure L. Again, the recorded surtface winds at S

and F and the neasured surface pressure at Bjj (1036.1 nb) are reasonabl e values
for the high pressure sgystem shown. The lack of a wind arrowatGindlcates
O wind speed. This and the 180° surface wind reversal at His not explained by
the NWS chart analysis. Thes actual pressure change from By to B, is 5.4 nm
while the actual change fromF to H (a conparable distance) is .2 nb. Simul-
taneous rawinsonde data (Figure 4) taken at Barter Island (H) shows an inversion
layer up to 800 m and approximately 180° of turning of the wind within this
layer.  The conputed geostrophic wind was from 68°T at 12 m's at this tinme.
The above figures are shown as further evidence for the existence of a pressure
gradi ent conponent not recorded by the existing NWs synoptic observation network. ‘
Figure 5 1s a scattergram showi ng the 3-hourly surface wind d 1 rect jon at
(H Barter Island (ordinate) plotted as a function of the surface wind direction
at (F) Pt. Barrow (abscissa) for the nmonth of March 1979 (240 data points).
Since Pt. Barrow is more than 300 km north of the Brooks Range, the surface wind
should reflect a three-way bal ance between the Coriolis force, the |arge-scale
pressure gradient force, and the viscous (friction) force and vary from the
geostrophic wind direction by less than 30 degrees. The data points enclosed by
the solid line represent simultaneous surface winds at Barter Island and Pt. Barrow
with an average directional difference of 140 degrees..
To conpare surface winds at Barter Island with geastrophic winds, a TDLSF

numerical technique (Kozo, 1979) was applied to fit a plane surface to pressure

data from B 4 and pt. Barrow. It nust be mnoted that Barter Island surface ‘

137 B



pressure is “contaminated” by the nountain barrier baroclinicity effect and
therefore not used in the conputations. Figure 6 is a scattergram show ng 3-
hourly surface wind directions at Barter Island (ordinate) plotted as a function
of the conputed geostrophic wind (abscissa) for the nmonth of March 1979. Fig-
ure 5 and Figure 6 are strikingly simlar which is no surprise since surface
winds at Pt. Barrow should be less than 30 degrees from the geostrophic W nds
for the sane time periods. The data points enclosed by the solid line (Figure 6)
now take on added significance as evidence for nountain barrier baroclinicity
showi ng an average 140 degrees of turning fromthe geostrophic (free stream
wind level to the surface. This is the reason for the predom nance of surface
westerly winds seen in Barter Island wind direction histogranms in the winter
nmonths (times of greater atnospheric stability) while histograns of wind direction

for Pt. Barrow show a predoni nance of easterly winds (Brewer, et al., 1977).

Figure 7 was derived from historical conpilations of nmonthly wind direction
frequency histograns. It shows aplot of the percentage difference (A% between
occurrence of surface winds in the east to northeast (E-NE) quadrant and the
west to southwest (WSW quadrant at Barter Island, Oliktok, and Lonely Di stant
Early Warning (DEW stations (all on the Beaufort seacoast of Alaska). Lonely,
Oliktok (between Prudhoe Bay and Lonely), and Barter Island are approximately
275 km 165 km and 64 kmrespectively fromthe foothills of the Brooks Range.
Positive (A% inplies nmore E-NE winds than WSW wi nds while negative (A%Z) inplies
nore S-SWwinds than E-NE wi nds. The nonths of October through April show a
great disparity between Lonely (farthest from the mountains) and. Barter Island
(closest to the mountains). This again is evidence of eastward deflection of
northeasterly winds due to nmountain induced baroclinicity during the winter nonths
when the atnospheric boundary |ayer has its greatest static stability.

In the nmonths of May through August, when the sun is above the horizon for
more than 20 hours (at these latitudes) and the land snow cover is depleted or

conpletely gone, the land boundary layer becomes closer to neutral stability and



the three coastal stations becone simlar. They show an average of E-NE wi nds

at 3 times the frequency of WSWwinds. The effect of the nountain range is ‘
m nimzed (except for orographic channeling) during this period and the meso-

scale thermal effect of the coastline becones a major influence {Kozo, 1979)

on the resultant surface winds in the coastal region.

Figure 8 isarecord of the average daily albedo over the arctic tyndra near

Pt. Barrow from March 25 to Cctober 25,.1966 (Weaver,1970). Alboedo Iy tilt?

ratio of reflected wincident shortwave radi ation. The vertical dashed |ines

separate the four parts of the albedo regime as defined by Maykut <1973):

1. The winter stationary period occurs from mid-October to late May and is

characterized by a conpletely snow covered tundra.

2.. The spring transitional period occurs between |late May and early June and

shows a rapid drop in albedo from 75% to 10% over the tundraz in 3-5 days.

3. The summer stationary period occurs from June to August and is characterized

by di sappearance of all snow and ice cover on |and.

4. The autumn transition period occurs in Septenber when the | and surfaces

freeze and becone snow covered. It takes nuch longer to pass through this phase
than in spring.

Year-to-year variations in climate will change the dates of the transition
period but the general shape of the curve in Figure 8 will not be altered nor
t he magnitudes of albedo altered.

Figure 8 gives an additional explanation for the shape of the curves in
Figure 7. The inportance of a stable air mass noving toward a nountain range
wi thout heating from below is seen. The nonths (Figure 7) where Barter Island has
a surface wind regime with a significant anount of WSW winds (val ues approaching
QA% or -A% are part of the winter stationary period. The months (Figure 7)
where Barter Island surface winds are similar to the other stations {large +AZ) ‘
are part of the summer stationary period where air masses are heated from bel ow

on traversing the snow ess tundra (decreasing the static stability). Septenber



appears as a transition nonth on both Figure 7 and 8. My data is an apparent

i nconsi stency but it is an average of twenty years of data (Figure 7) in a nonth
where solar insolation has always reached 24 hours duration (May 11 at 71°N).
In some years the tundra could be devoid of snow or conpletely covered by the

| ast week of May. In any event tenperature data from Barter |sland rawinsondes

“has shown that the atnpspheric stability is greatly dimnished by Muy.

Concl usi ons

Mountain Barrier Baroclinicity is a mmjor physical process responsible for
the wintertinme abundance of ;oastal winds in the WSWquadrant from Barter |sland,
Al aska to Prudhoe Bay al ong the Al askan Arctic coast. It is a seasonal effect
related to stability of the atnpbspheric boundary layer. The stability of the
at nospheric boundary |layer over land, in turn is affect e‘-d by surface albedo which
when high pronotes a stable layer or when |ow (sunmmer) establishes a nobre neutral
boundary layer. Previous attenpts at relating wintertime ice novenent in coastal

regions to actual surface winds nmust be reinvestigated in those |ocations within

the MBB “shadow’ of the Brooks Range.
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Fig. 1 Section of a NWS synoptic analysis chart for 11 March 1979
(1200 GMT) with the Brooks Range of Alaska cross-hatched. F, 1, G,
H and S represent surface wind data locations at Pt. Barrow, Lonely,

Prudhoe Bay, Barter Island and a Russian ice station respectively.
B,and By, are locations of two of the Arctic Basin Buoy array buoys

used in this study. (Pressure contours-rob.) There were no wind
measurenents at B13 and 814
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